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MINIMUM ENERGY, LIQUID HYDROGEN- 
SUPERSONIC CRUISE VEHICLE STUDY 


By G.D. Brewer and R.E. Morris 
Lockheed-California Company 


SUMMARY 


This study was a re-examination of the design and performance potential 
of hydrogen-fueled supersonic cruise vehicles. The original study was con- 
ducted by Lockheed-California Company for NASA - Ames Research Center in 1973, 
and was reported in NASA CR IIU718 (Reference l). 

The work reported herein involved updating the design of the Mach 2.7 
LH. fueled SCV from the previous study, establishing a new design of a 
Mach 2.2 LH„ fueled SCV, and comparing these two aircraft with conventionally 
(Jet A) fueled SCV designs which had been developed to identical guidelines 
under the "Advanced Technology Applied to Supersonic Cruise Aircraft" program 
(Reference 2). In addition, the potential for minimizing the energy utiliza- 
tion of both designs of LH2 fueled SCV's was explored, as was the sensitivity 
of their performance capability to variation of numerous design parameters. 

The results of this study confirmed the findings of the original investi- 
gation that use of liquid hydrogen as fuel in supersonic cruise tramsport 
aircraft, compared with Jet A, leads to significant advantages in performance, 
size, weight, energy consumption, cost suid noise. The advantages previously 
established for LH„ fueled SCV's relative to lower sonic boom overpressure and 
drastic reduction of noxious exhaust products were not re-evaluated in the 
present study because there were no differences in the vehicle designs which 
would lead to changes in these conclusions. 

The following data compare some of the characteristics of aircraft 
designed to carry 23k passengers plus cargo, 7778 km (U200 nml) at the cruise 
speeds Indicated. The aircraft were selected using minimum gross weight as 
the criterion. 





MACH 

2.7 

MACH 2.2 




JEn: A 

“2 

JET A 

“2 

Gross weight 


(lb) 

3lt5,T20 (762,170) 

179,130 (391*. 910) 

305.320 (673,110) 

170,970 (376,920) 

Operating empty weight 


(lb) 

11*3,980 (317,1«20) 

111,2140 (2145,235) 

131,890 (268,720) 

102,630 (226,260) 

Total fuel weight 

kg 

(lb) 

179,510 (395,750) 

145,670 (100,675) 

161,200 (355,390) 

146,110 (101,660) 

Thrust per Engine 

N 

(lb) 

386,1470 ( 86,890) 

2314.91*0 (52,820) 

37l*,250 ( 8l4,il40) 

237,61*0 ( 143,1430) 

Cost 

$ 10 ^ 






RDTfcE 



I43U5 

3778 

3297 


309I4 

Production Aircraft 



61.5 

1*5.5 

51.8 


I42.O 

Noise 

EPNdB 






Sideline 



108.0 

IOI4.O 

108.0 


106.7 

Flyover 

JO 

Btu 

108.0 

3522 (6189) 

102.2 

2551 (1*1*83) 

108.0 

3227 

(5672) 

10l*.7 

2608 (I4583) 


seat nmi 


The comparison of LHgwith Jet A fueled SCV's on the basis of direct 
operating costs is a function of the relative price of the two fuels. For 
example, with the Mach 2.7 SCV designs, when Jet A fuel costs 10.6^/liter 
(ltO(^/gal), airlines could afford to pay $1.57 more per GJ ($1.65 more per 
million Btu) for LH 2 and still achieve equal DOC. If the price of Jet A is 
only 7 . 9 ^/liter (3C^'gal), the differential for equal DOC with LH_ fuel is 
reduced to $1.30/GJ ($1.37/10° Btu). 

It was found that only minor saving in energy consumption could be 
realized by changing the design basis of the LH 2 SCV's. For example, for 
the Mach 2.7 aircraft, uting minimum fuel weight as the selection criterion 
instead of minimum gross weight resulted in a 2.6 percent reduction of enertry 
but a U percent increase in airplane cost. Minimum DOC is a good compromise 
selection criterion. 

The most significant benefit of all to be realized from use of liquid 
hydrogen as the fuel for an advanced design of SCV is relief from dependency 
on a petroleum-based product which, by the time the new aircraft might become 
operational, could well be on the way to becoming unavailable for use as an 
aircraft fuel. 
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1. INTRODUCTION 



The original conceptual design study to formally explore the feasi- 
bility, practicability, and potential advantages and/or disadvantages of 
using liquid hydrogen (LH 2 ) as fuel for an advanced design of supersonic 
transport was performed by Lockheed-California Company for NASA-Ames Research 
Center under Contract NAS 2-7T32. The final report of that work was released 
as NASA CR IIU 718 , dated January 197^ (Reference 1). It was concluded that 
LH 2 offered significant advantages over conventional hydrocarbon (Jet A) as 
a fuel for vehicles of this category. 

The present study was performed to further explore the potential of LHo 
fueled supersonic cruise vehicles (SCV's). First, the Mach 2.7 design result- 
ing from the original study was updated to incorporate changes in aero- 
dynamic, propulsion, and structural weight input reflecting a more recent 
assessment of a feasible technology basis; second, a Mach 2.2 LH 2 SCV was 
designed on an equivalent technology basis to have the same payload/range 
capability; and third, several versions of each of these baseline aircraft 
were explored to investigate what potential there might be for minimizing 
energy expenditxxre in performing the design mission, and to investigate their 
design sensitivity to various parameters. Vehicles were designed for each 
Mach number to the following criteria: 

• minimum gross weight at FAR 36 noise level 

at FAR 36 minus 5 EPNdB 
at FAR 36 minus 10 EPNdB 

• minimum fuel weight 

• minimum direct operating cost at LH 2 fuel costs of $2, $U, and 
$6/100 Btu. 

The baseline LH 2 aircraft resulting from this work, i.e., the minimum 
gross weight versions designed to meet FAR 36 noise constraints, were com- 
pared with equivalent designs of Jet A fueled Mach 2.7 and 2.2 SCV's from 
Task IV-2, Cruise Speed Selection Study (Reference 2) of the continuing SCV 
Technology Assessment Studies, Contract NAS 1-119^0, performed for NASA- 
Langley Reseanrch Center by Lockheed-California Comijany. 

Since the subject work is a "follow-on" to an earlier study, and uses 
the basic LH 2 airplane design concept developed and described in Reference 1, 
only the revisions to the design and the results derived therefrom are 
reported in full in this report. The reader interested in the background 
leading to derivation of the original airplane design concept should refer 
to NASA CR 114718 (Reference 1). 
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2. TECHNICAL APPROACH 


There were two fundamental objectives of this work. One was to provide 
a direct comparison between LH2 fueled and conventionally (Jet A) fueled 
supersonic cruise vehicles designed for cruise speeds of Mach 2.T and 2.2. 
The second objective was to explore the potential of the LH2 aircraft for 
minimizing utilization of energy in performing their design missions. 

Because of the desire to compare new designs of LH2 aircraft with exist 
ing Jet A designs, it was necessary to establish equivalency of technology 
base and ground rules. Accordingly, the first step of the present study was 
to obtain data on preferred designs of Jet A fueled Mach 2.7 and 2.2 SCV's 
from the work of Reference 2. These data are reproduced in Appendix A. 
Included are general arrangement drawings plus selected pages of ASSET 
(Advanced System Synthesis and Evaluation Technique) computer printout of 
both the CL l607-5 (Mach 2.7) and the CL l607-13 (Mach 2.2) Jet A fueled 
aircraft. Examination of these designs and review of the ground rules which 
served as a basis for their evolution resulted in the following changes in 
Guidelines for the subject study, relative to those used in the original 
evaluation of LH2 supersonic transport aircraft (Reference 1): 

t ■ increased use of composite materials (see Table l). 

• limit landing approach speed to a maximum of 81.3 m/s (158 kts) 
equivalent airspeed at an aircraft weight equal to the takeoff 
gross weight reduced by the block fuel consximption. This is 

in lieu of a maximm landing field length of 2,900 m (9»500 ft) 
used in the Reference 1 study. 

• aircraft cruise performance calculated for standard day plus 
8°C (59®F + ll+.U®F). 

For convenience, the complete list of updated Guidelines used in the 
present study is presented in Table 2. 

Following establishment of a consistent set of guidelines which would 
permit valid comparison of the subject LH2 fueled SCV's with the designated 
Jet A fueled vehicles, preliminary sizing studies were carried out to deter- 
mine approximate weights and dimensions of the projected LH2 aircraft. The 
results of this preliminary analysis served as a starting point for the more 
rigorous design cycle which would produce the final vehicle configurations. 

Preliminary configuration drawings of both the CL 1701-9 (Mach 2.7) and 
the CL 1701-10 (Mach 2.2) LH2 aircraft were made based on the results of the 
sizing studies. As described in Section 3, Technology Modifications, the 
following detailed studies were then performed to provide a basis for 
definition of the final configurations; 

e assessment of wave drag coefficients at selected speeds, plus 
evaluation of possible benefits from area ruling. 



Table 1. Use of Composite Materials in Advanced Design SCV's 


Component 

Original Study 
of LH 2 SCV 
(Reference l) 

Advanced Technology 
Cruise Speed Study 
(Reference 2) 


% Composite 

% Component 
Wt Red 

% Composite 

% Component 
Wt Red 

Wing 

6.2 

-15.5 

6.2 

- 15.5 

Tail 

0 

0 

I 4 O 

- 19.1 

Fuselage 

3.6 

- 6.25 

3i».3 

- 9.8 

Landing Gear 

0 

0 

12 

- 7.3 

Nacelle 

0 

0 

ItO 

- 11.9 

Air Induction 

0 

0 

30 

- 5.0 

Sxirface Controls 

1.5 

- 3.75 

10 

-10.0 

Total 

3.1* 


16.3 



• evaluation of stability and control requirements of both aircraft 
to determine tail sizes, 

• generation of txu'bofan engine cycle characteristics for both 
ci’uise speeds using a complete representation of hydrogen/air 
combustion products. 

• examination of structural and insulation requirements of the 
hydrogen tankage system to provide a realistic basis for deter- 
mining tank wall thickness and insiilation thickness. 

• assessment of the effect the use of greater percentages of 
advanced composite materials wotild have on vehicle structural 
weight. 

The results of these analyses, plus data frcan the preliminary sizing 
study, provided input to the ASSET (Advanced System Synthesis Evaluation 
Technique) computer program for parametric study of vehicle design and 
performance. Using ASSET, the following parameters were investigated to 
determine minimum gross weight, minimxan fuel weight, and minimum DOC 
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Table 2. Basic Guidelines 


Fuel - liquid hydrogen (assiuned available at the airport) 

Planform - NASA Arrow - wing 
Initial Operational Capability - 1990 

Use of advanced materials and technology postulated to be developed by 
1985. (Composites comprise 16.3 percent of the total vehicle 
structural weight; see Table 1). 

Certification - FAR Part 25 and SST White Book 

Noise - FAR Part 36 


Fuel Reserves - FAR Part 121. 6U8 

Runway Length Determination - FAR Part 25 for 32.2®C (90®F) day and 
304.8 m (1000 ft) airport altitude. 

Approach Speed - 81.3 m/s (158 knots) equivalent airspeed. 

Operability - compatible with Air Traffic Control Systems and general 
operating environment envisioned for 1990, including capability for 
Category III-A operations. 

Aircraft Design Life - 50,000 flying hours. 


Sonic Boom - no boom at ground level over populated areas. 
Stability - control configured aircraft. 


Direct Operating Cost : 

• Modified 1967 ATA equations (international basis). 

• 1973 dollars 

• 600 aircraft production base 

• Baseline fuel costs , 

LH2 « $2.85/GJ ($3/10° Btu * 15.U8^/lb) 

Jet A » $1.90/GJ ($2/10® Btu - 2U.8^/gal ■ 3.680/lb) 


Payload - 22,226 kg (l»9,000 lb) “ 23U passengers plus cargo allowance. 






aircraft that satisfied the design mission requirements within the con- 
straints imposed by airport performance and takeoff noise limitations. 

• Maximum engine duct b\irning temperature (Max. DBT) 

• Takeoff engine duct burning temperature (T.O.DBT) 

• Noise abatement procedures such as power cutback 

• Thrust /Weight Ratio (T/W) 

• Wing Loading (W/S) 

The following process was used to determine the optimum combination of 
design parameters for the subject aircraft: (See Section U for detail 

explanation) 

1. For a specified Max DBT, aircraft designs were synthesized idiich 
satisfied the design mission requirements for a matrix of T/W 
and W/S ccmiblnatlons. 

2. From the matrix of aircraft synthesized in Step 1, those aircraft 
which met the landing approach speed constraint were selected. 

3. Using the aircraft selected in Step 2, the minimum T/W and 
T.O. DBT which satisfied the tcdceoff sideline and flyover noise 
limitations were determined. 

U. The T/W and W/S combination which satisfied the landing approach 
speed, the sideline noise, and the flyover noise constraints, and 
which resulted in a minimum gross weight, minimum fuel weight, 
and/or minimum DOC aircraft, respectively, was identified. This 
was the optimum T/W and W/S combination corresponding to the 
Max DBT assumed in Step 1. 

5. Using the T/W and W/S combination from Step U, aircraft were 
synthesized which met the design mission requirements for a series 
of Max DBT* 8. The Max DBT that results in a minimum gross weight, 
minimum fuel weight, and/or minimum DOC aircraft was thus deter- 
mined. 

6. Using the Max DBT determined in Step 5, Steps 1 through were 
repeated to optimize the T/W and W/S combination for the selected 
Max DBT. 

The above steps to determine the optimum choice of maximum DBT were 
necessary because this parameter is so significant. It directly affects the 
engine physical size, thrust-to-weight ratio, engine cost, and the mission 
fuel consumption. 
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The effect of reduced noise levels on the selection criterion of minimum 
gross weight was examined with specific objectives of FAR 36 , PAR 36 minus 5 
EPNdB, and FAR 36 minus 10 EPNdB. Noise reduction was accomplished by 
throttling the engine (reducing duct temperature and exit velocity) and 
increasing the engine size (airflow) as required within practical limits 
which still permitted meeting the other mission constraints. No reoptimiza- 
tion of the engine cycle parameters, e.g. , fan pressure ratio, selected for 
the basic aircraft (FAR 36 noise level), was made. 

Aircraft point designs meeting FAR 36 and selected on the basis of 
minimum DOC were also defined for LH 2 fuel prices of $1.90, $3.80, and $5.70 
per GJ ($2, $U, and $6 per million Btu's). 

The minimum gross weight aircraft at both cruise Mach numbers which were 
designed to meet FAR Part 36 noise specification were used to compare with 
equivalent Jet A fueled reference aircraft. Those same aircraft were also 
used as a basis for establishing sensitivity of the design to variation of a 
number of parameters. The sensitivity of gross weight, DOC, price, and total 
fuel weight to the following parameters was determined; 

• Design range 

• Changes in anpty weight before and after design freeze 

• Noise constraints at FAR 36 minus 5 EPNdB and FAR 36 minus 10 EPNdB. 

In addition, the minimum gross weight aircraft meeting FAR 36 were 
examined with regard to: 

• DOC vs fuel cost 

• Range and DOC vs change in SFC. 

e Range and DOC vs change in drag count 

• Range vs payload weight 


3. TECHNOLOGY MODIFICATIONS 


3.1 Aerodynamics 

From the point-of-view of aerodynamics, redesign of the point-design 
configuration of the previous study (Reference 1) required an updating and 
refining of the aerodynamic data base. The basis for changing the aero- 
dynamic data was the result of experience gained from the NASA-Langley Super- 
sonic Cruise Vehicle System Study (Reference 2), and the Arrow-wing Structure 
Study (Reference 3). Continuing wind-tunnel tests at Langley, primarily low 
peed, also supplied additional information for updating the aerodynamic 
data base. 
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3.1.1 


High Speed Characteristics 


3. 1.1.1 Wave Drag . -The wave drag of the parametric configuration elements used 
in the ASSET computer program to derive the point design aircraft configura- 
tion for the previous study (Reference l) was calculated using the NASA- 
Langley wave drag program P7120. This program had the limitation of accept- 
ing only circular, uncambered fuselages and uncambered symmetrical wing air- 
foils. A newer, more sophisticated program for calculating wave drag (D2500) 
was also available from NASA-Langley at the time. It had the capability of 
handling non-circular cambered fuselages as well as twisted and cambered 
wings. However, due to its requirement for more accurate definition of the 
aircraft configuration, the D2500 program used approximately three times the 
computer time per case. 

Test cases were run on an available design of Jet A fueled supersonic 
transport configuration using both the NASA wave drag programs to obtain a 
comparison. It was fo\md the wave drag values were within 0.5 percent of 
each other. A penedty of two drag counts (0.0002) was arbitrarily culded to 
all wave drag values calculated by the simpler program (P7120), and that 
program was then used throughout the previous study (Reference l). 

In the present study, the newer version of the wave drag program (D2500) 
was used exclusively. In addition to the increased accuracy which results 
from its use, the ability to treat non-circular fuselages enables the designer 
to define the fuselage cross-section profile in much more detail. The fol- 
lowing paragraphs describe the procedure followed and present the data gener- 
ated to define wave drag for the Mach 2.7 and 2.2 LH 2 fueled SCV designs. 

3. 1.1. 2 CL 1701-9 Mach 2.7 LHo Design .— The Mach 2.7 SCV baseline wing was ' 
scaled from 97 «b^ (10,500 ft<i} to the 678m2 (7,300 ft2) required for the LH 2 
study in the form of a data set accessible from CADAK*^**’( Computer-graphics 
Augmented Design And Manufacturing). Digital Data on fuselage cross-sectional 
areas and centroids, horizontal and vertical tails, and engine nacelles were 
also obtained from CADAN. 

Using a circular fuselage simulation, the above st^plied data resulted 
in an assessment of Cq^ ■ 0.00297 at the design Mach number. Furthermore, 
the program predicted that with maximum fuselage area ruling, while maintain- 
ing the same maximum cross-sectional area and fuselage length, the wave drag 
could be reduced to Cpy ■ 0.002U6. This infonnation was supplied in the form 
of a plot comparing the un-area ruled and full area-ruled fuselage cross- 
sectional areas versus length. Figure 1. 

Unfortunately, as shown in the flgxire, the area-ruled option involved 
reduction of fuel tankage volume and excessive slimming of both the fuselage 
forebody and afterbody. Accordingly, after detailed consideration of the 
physical arrangement of the design it was determined that it was not possible 
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to take advantage of fuselage area ruling within practical limitations of fuse- 
lage length and maximum diameter. Tnerefore the un-area ruled fuselage was 
taken as the M 2.7 LH 2 baseline, and 50th scale fuselage section drawings were 
generated using CADAM (see APPENDIX 6). These drawings were digitized to pro- 
duce a noncircular fuselage wave drag simulation shown isoraetrically as Figure 2. 

Estimated total aircraft wave drag (Figure 3) and wave drag breakdown 
by component (Figure U), along with their associated reference areas 
(Table 3) and wetted surface areas were supplied as input to the ASSET Pro- 
gram. Figure 5 is included to show the buildup of normal cross-sectional 
areas for the CL-1701-9 baseline. 


Table 3. Component Reference Areafj (M 2.7 LHg Design) 


Wing: 

Reference ■ 678m^ (7,300 ft^) « 
Total Planform ■ 678m2 (7,300 ft*^) 

Fuselage: 

Max. Cross-Sectional Area • 21. 9m^ (236 ft^) 

Nacelles : 

Inlet Area ■ (79.80 ft^) (h Nacelles) 

Max. Cross-Sectional Area ■ IS.Itlm^ (133.69 ft'^) (U Nac.) 
Exhaust Area ■ IS.lilm^ (133.69 ft^) (b Nac.) 

Vertical Wing 
fins: 

Area - 17Cto^ (I82.9 ft^)/8ide 

* 

Vertical Fus. 
Fin: 

Area ■ 13.l»lm^ (lUl».3 ft^) 

Horizontal Stab: 

Area (Inc. Carry Thru to BL 0) ■ 31. 2m^ (335.5 ft^) 
Area (Exposed) - 20. 8m^ (22U.0 ft^) 

A study of the effect of perturbations of fuselage length on wave drag 


was undertaken to develop sensitivity factors for the ASSET Program. Twenty- 
foot barrel sections were added to and removed from the mid-fuselage. 

Mach 2.7 and 1.2 were investigated for the Mach 2.7 aircraft design only. 

The results, shown in Figure 6, were applied to both the Mach 2.7 and tha 
Mach 2.2 vehicles. 

3. 1.1. 3 CIf»17Ql-10 ttoch 2. 2 po Dasign.- The Mach 2.2 SCV bassline wing was 
scaled from 835 mi^ (9.000 ft^^) to the 535 m^ (5,760 ft^) required for the LHg 
study in the form of a data set from CADAM. Digital data on fuselage cross- 
sectional areas and centroids, horisontal and vertical tails, and engine 
nacelles were also obtained from CADAM. 
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Figiire 5- Cross-sectional Area Distribution - M2 • 7 Design 
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Using a circular fuselage simulation, the above supplied data resulted 
in an assessment of Cpy = 0.00355 at the design Mach number. Purthermcre, 
the program predicted that with maximum fuselage area ruling the wave drag 
could be reduced to Cpw = 0.00281 while maintaining the same maximum cross- 
sectional area and fuselage length. This information is shown in Figure 7 
as a plot comparing the un-area ruled and full area-ruled fuselage cross- 
sectional areas versus length. 

As in the case of the Mach 2.7 baseline, it was determined that area 
ruling was not feasible within fuel volume and overall fuselage length con- 
straints. Therefore the un-area ruled fuselage was taken as the Mach 2.2 LH 2 
baseline. Accordingly, 50th scale section drawings of those I 5 fuselage 
sections different from the Mach 2.7 baseline were generated using CADAM 
(APPEIIDIX B). The balance of the stations, fore and aft fuselage, are 
identical to the Mach 2.7 baseline. These sections were digitized to produce 
a non-circular fuselage wave drag simulation, shown isometrically in Figure 8. 

Estimated total aircraft wave drag Figure 9t and wave drag breakdown by 
components, (Figure 10), along with their associated reference areas, 

(Table 4) and wetted surface areas, were supplied for use in the ASSET Pro- 
gram. Figure 11 shows the buildup of normal cross-sectional areas for the 
C3>1701-10 baseline aircraft. 


Table 4. Component Reference Areas (Mach 2.2 LHg Design) 


Wing: 

Reference « 535m^ (5,760 ft^) « 
Total Planform ® 535m2 (5,760 ft ) 

Fuselage : 

2 2 

Msoc Cross-Sectional Area » 22m (236.8 ft ) 

Nacelles: 

Inlet Area « 5.02m^ (54.02 ft^) (4 Nacelles) 

Max. Cross Sect. Area = 8.21m2 (88.35 ft^) Nacelles) 

Exhaust Area ® 8.21ui^ (88.35 Nacelles) 

Vertical Wing 
Fins: 

Area ■ l4.15m^ (152.3 ft^) (per side) 

Vertical Fin- 
Fuselage: 

Area ■ l8.l6m^ (195.5 ft^) 

Horizontal Stab: 

Area (Incl. Carry Thru to BL O) ■ 26.68m^ (287.2 ft^) 
Areas (Exposed) ■ 17.48m2 (188.1 ft®) 


3 1,2 Low Speed Aerodynamic Characteristics . — The low speed aerodynamic 
pharacteristics of the subject LHg aircraft are taken from the study of the 
equivalent Jet A aircraft (Reference 2). The data are presented in Fig- 
ures 12 and 13 for Mach 2.7 design and Figures l4 and 15 for the Mach 2.2 
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Figure 12. Low Speed Lift Characteristics - M2. 7 LH^ SCV. 












design. Figures 12 and show the low speed lift characteristics of the 
two aircraft, and Figures 13 and 15, the low speed drag polars. Both 
characteristics are presented for in-ground effect (gear down) cuid out-of- 
ground effect (gear up). The low speed lift characteristics of the LKp 
fueled aircraft are identical to those of their Jet A coxuiterparts. 

3.1.3 Stahillty Analysis . — The concept of relaxed static stability (RSS) 
has been used to size the horizontal and vertical tails for the study con- 
figurations. In the case of the horizontal tail, RSS allows movement of 
the center-of-gravity (c.g.) aft of the aerodynamic center in order to 
eliminate the supersonic trim drag penalty. The aft c.g. location is limited 
by the requirement to retain sufficient control power to ensure adequate 
handling qualities and also by the position which offers the most benefit 
in terms of drag reduction. The vertical tail is sized for a critical engine- 
out control condition, instead of being sized for supersonic directional 
stability. This allows a reduction in vertical tail area thereby somewhav 
reducing cruise drag. Both longitudinal and directional stability are pro- 
vided by a stability augmentation system. 

3.1. 3.1 Horizontal Tail . — Detailed aerodynamic analysis of the M ■ 2.7 Jet A 
fueled configuration showed that minimum drag is achieved when the c.g. is 
located such that there is an upload on the horizontal tail. (See Reference 3). 
These data were obtained from NASA wind-tunnel tests of the 8CAT-15F configu- 
ration modified to the full-scale vehicle. The data show that minimum drag 
occurs when the lift coefficient on the horizontal tail is approximately equal 
to the wing-body lift coefficient. Based on this relationship, the estimated 
optimum cruise c.g. location fur the LH 2 configuration is 0 . 5 IS. This takes 
into consideration the relatively larger body diameter and forebody length of 
the LK 2 airplane which moves the aerodynamic center forward about 0.016. 

An airplane lacking inherent static stability and/or pitch-down tendency 
at the stall must be provided with active envelope limiting as a component 
of the longitudinal stability augmentation system. The margin of control 
power required to prevent a disastrous pitch excursion places an aft limit on 
c.g. position. The severity of the c.g. constraint depends on the size of 
the control power margin retained. 

The analysis in this report is based on the premise that the aft c.g. 
control power requirement, over and above that required for trim, is highest 
for the approach and landing task since this is where pilot workload is high 
and also where the vehicle tends to be the most unstable. The magnitude of 
the control power required was determined from a statistical study of the 
stall recovery characteristics of three current Jet aircraft. Stall time 
histories from C-5A, L-1011 and 8-3A flight tests were examined to determine 
the stall recovery pitch acceleration eosnnanded by the pilot for cases where 
less than full throw was used; this tends to define a recovery acceleration 
which feels comfortable to the pilot. The total pitch acceleration results 
from the combined effects of inherent stick-fixed pitch down tendency plus 
the incremental nose-down input cosssanded by the pilot to attain satisfactory 
progress of recovery. Pilots have found the longitudinal characteristics of 
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stall recovery to be accex>table for ail three airplanes. In reducing the data 
for the three configurations, a value of pitch acceleration was determlnec for 
each which represented the maximum in 90% of the cases analyzed. It was found 
that these values correlated as a function of pitch inertia with decreasing 
pitch acceleration for increasing pitch inertia. From this correlation s 
stall recovery of -0.0b rad/sec^ was selected as being representative for the 
LH, configuration. 

The horizontal tall is an all-moving surface with geared flap achieving 
a Cijuslx +1.2; the tail lift effectiveness is based on results of tests 
in the Calac low-speed wind tunnel. 

The forward c.g. limit was established by the nose-wheel lift-off 
requirement. Conditions for nose-wheel lift-off were determined in accord- 
ance with FAA tentative specifications for supersonic transports (Reference 
k). This specification requires nose-wheel lift-off 3 seconds before rota- 
tion speed is reached. Calculations were based on a nose-wheel lift-off 
speed of 28? km/hr (155 kts) for the M ■ 2.7 aesign and 25^* km/hr (137 kts) 
for the M ■ 2.2 design. 

The aft c.g. limit was defined by the requirenent to achieve a nose-down 
acceleration of 0.08 rad/sec^ at landing approach Vnjin 'rtiere Vain is defined 
by the speed margin required to pull 0.5 "g” at the minimum landing approach 
speed. This is the definition of given in Reference 1*. was thus •* 

defined to be 231.5 km/hr (125 kts) for both the M • 2.7 and 2.2 designs. 

The horizontal tail sizing summary is presented in Figure l6 for the 
M ■ 2.7 design (CL 1701-7). Figure l6 shows a^volume coefficient requirement 
of 0.073 for the c.g. range of 0^1*80c to 0.5*»3c. Note that the landing gear 
should be located at least 0.05^»c aft of the most aft c.g. to prevent tip- 
up at brake release with full thrust; the tip-up gear distance margin was 
based on a thrust-to-veight ratio for zero payload and full fuel. For the 
M ■ 2.2 design (CL 1701-10), Figure 17 shows a horizontal tall volume coeffi- 
cient of 0.102 to be suitable for the c.g. range of .^85c to .5^8c. Because 
of the higher thrust-to-weight ratio for the M ■ 2.2 design, the landing 
gear should be located at least 0.063c aft of the aft c.g. 

3. 1.3. 2 Vertical Tail . The fuselage mounted vertical tall was sized in 
accordance with the landing approach minimum control speed specified for the 
Concorde. The requirement for the Concorde is to control loss of one out- 
board engine at minimum approach speed minus 9.26 km/hr (5 kts) with takeoff 
thrust on the remaining engines. 

The vertical tail was assumed to be an all-moving surface with geared 
rudder achieving a of 0.9. 20jS of the vertical tail Cj^ was reserved 

for possible dynamic over control and stability augmentation system require- 
ments. 

Vertical tail size requirements are presented in Figure l8. For the 
M ■ 2.7 design, the figure shows a volume coefficient requirement of 0.03U 
at 275 km/hr (lU0.5 kts). For the M ■ 2.2 design, a vertical tall volume 
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coefficient O.OUT is required. The larger volume coefficient for the M = 2.2 
design results from the thrust-to-weight ratio being somewhat higher and the 
wing reference area being smaller. 

3.1.3. 3 Induced Drag . - Tables 5 and 6 show the drag due-to-lifx of the 
Mach 2.7 and Mach 2.2 aircraft. The Mach 2.7 data was derived from wind-tunnel 
data, while the Mach 2.2 was obtained from the 2.7 using a correction factor 
obtained from comparing the results of running both the Mach 2.7 and 2.2 in 
the Lockheed VORLAX program (Reference 5)* 

3.1.3.^ Miscellaneous Drag . - The trim drag used for the Mach 2.2 and 2.7 air- 
craft is presented in Figure 19 which assumes the vehicle’s c.g. to be at 

50 percent M.A.C. using the appropriate mission C for each Mach number. 

L 

Figure 20 shows the correction drag used to account for the difference 
between the predicted (analytical) and the actuax high speed wind tunnel 
model test results. 


3.2 Propulsion 

The engine cycles examined in this study were duct heating turbo fan 
engines (DHTF) with standard day cruise Mach Numbers of 2.7 and 2.2. All of 
the installation performance factors (i.e., ram recovery, inlet drags, nozzle 
coefficients, air bleed, and horsepower extraction) are identical to those 
utilized in the Reference 1 study, 

3.2.1 Mach 2.7 Turbofan 

3. 2. 1.1 Cycle Selection . - The cycle optimization studies completed for the 
LH 2 -I Mach 2.7 DHTF study of Reference 1 are applicable to this study and were 
therefore not repeated, i.e., the LHp-2 Mach 2.7 DHTF engine data is rerun a 
of the same cycle. Table 7 lists the cycle parameters chosen for this engine. 
The engine performance for the previous study was computed with a fuel lower 
heating value applicable to hydrogen fuel, however, because a subroutine 
which describes the combustion products of hydrogen and air was not opera- 
tional at the time at Lockheed, the properties of the exhaust gases were 
computed as if they were products of hydrocarbon and air based on Reference 

6. Slight errors were, therefore, introduced in the turbine and nozzle 
calculations due to incorrect values of molecular weights and specific heats. 
Subsequent to that analysis Lockheed completed the development of a sub- 
program which computes the equilibrium gas properties of undisassociated 
products of combustion of hydrogen and air from the individual species present 
using thermodynamic values from Reference 6. The analysis of the LH^-2 
Mach 2.7 DHTF engine reported herein uses the new hydrogen air products 
subprogram and therefore the engine performance is more accurately defined. 

3.2.1. 2 Performance Characteristic s. - No large difference was found during 
the present work, compared with the original analysis of the LH 2 -I Mach 2,7 
DHTF engine; however, the installed performance characteristics of the 
reanalysis are slightly better over the entire engine operating envelope. 

Since the changes are all in the same direction (increased thrust and decreased 
SFC) the performance of the engine of Reference 1 was slightly conservative. 
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Table 6. Mach f.2. LH^ SCV Induced Drag 
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.00998 

.02077 

.03581+ 


.05355 

.07391 

.09692 
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Table Liquid Hydrogen Duct Heating Turbofan Cycle Characteristics 

(SLS Uninstalled) 


Design C: aise Mach No. 

2.2 

2.7 

Engine Type 

DHTF 

DHTF 

Corrected Airflow W»/^/6 

^00 kg/sec (880 Ib/sec) 

^465 kg/sec(l026 Ib/sec) 

Fan Pressure Ratio 

u.o 

3.0 

Compressor Pressure Ratio 

6.2^^ 

8.33 

Overall Pressure Ratio 

25.0 

25.0 

Nozzle Velocity Coefficient (Duct) 

0.981 

0.981 

Nozzle Velocity Coefficient (Primary) 

0.981 

0.981 

Max Turbine Inlet Temperature 

l9?P"K{,-ilt60'’R) 

1922°K(3‘*60°R) 

Max Duct Burning Temperature 

l36T°K(2l460°R) 

136 t°K( 2160°R) 

Fuel Heating Value 

119>t.i0kJ/kg(91590BTU/Lb) 

119**30kJ/kg(51590BTO/Lb) 

Peak Fan Polytropic Efficiency 

0.9 . 

0.9 

Peak Compressor Polytropic Eff. 

0.915 

0.915 

HP Turbine Adiabatic Efficiency 

0.92 

0.92 

LP Turbine Adiabatic Efficiency 

0.91 

0.91 

Primary Burner Efficiency 

1.0 

1.0 

Duct Burner Efficiency 

« 

« 

Primary Burner Pressure Loss Ratio 

0.060 

0.060 

Duct Burner Pressure Loss Ratio 


* 

Primary Nozzle Pressure Loss Ratio 

0.005 

0.005 

• Variable based on Burner Temperature 

Rise 
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Installed flight performance characteristics of the LH 2-2 Mach 2.7 study 
engine are shown in Figures 21 through 26 for the engine size based on Table 
Figure 21 shows one of the many duct-heating temperature-limited enrine oper- 
ating schedules, for the U.S. Std. atmosphere +15°C (59°F + 27'^F), which were 
evaluated at takeoff to meet the various noise constraints. It should be noted 
that the climb and cruise performance of Figures 22 through 26 are based c:. 'J.F. 
Std. atmosphere +8°C (59'^F + lb.b°F) rather than the U.S. Std. atmosphere of 
Reference 1. This is to facilitate a direct comparison with the Jet A fueled 
aircraft from the Langley SCV System Studies (Reference 2). Figures 22 and 23 
are shown as examples of the many duct-heating, temperature-limited engine op- 
erating schedules which were evaluated for optimum climb performance, from the 
standpoint of: (l) minimum gross weight, (2) minimum fuel weight, (3) minimum 

DOC, and (b) minimum noise. 


3 . 2. 1.3 Physical Characteristics . The internal flow path engine configura- 
tion and engine dimensions of the LH 2-2 Mach 2.7 DBTF sized in Table 7 are 
unchanged from those presented in Reference 1. Nacelle configuration, 
dimensions and scaling data for the Table T engine with cruise duct-heating 
temperature of 1367 K (2^60 R) are shown in Figure 27. The variation in 
engine size and weight with maximum climb duct augmentation temperature is 
shoxm in Figure 28. 

3. 2. 3.4 Noise Considerations . The engine size was selected to meet aircraft 
liftoff thrust requirements, and to also satisfy the low noise limits, by 
restricting duct-burning temperatures, for example, to 644°K (ll60°R) for the 
FAR 36 minus 10 EPNdB limits. The cycle turbine energy is split so that the 
gas generator noise is lower than the noise goals and, therefore, a noise 
supressor is only required for the fan exhaust. Figure 29 was used for 
estimates of sound suppressor effectiveness at the point of aircraft liftoff. 
The suppressor effectiveness is plotted vs relative jet velocity which is the 
difference between jet velocity and aircraft velocity. These data were used 
to establish the thrust size and takeoff power se-'ting for noise limited 
engine operation for both the Mach 2.7 and the Mach 2.2 cruise engines. The 
same noise suppressor effectiveness was used in establishing performance of 
the Jet A fueled SCV's (Reference 2). 


3 . 2.2 Mach 2.2 Turbofan 

3 . 2.2.1 Cycle Selection. - The Mach 2.2 engine cycle was based on a pre- 
viously optimized Lockheed Mach 2.2 DHTF study engine, the Jet A fueled 
BSTF 2.2, used in the Langley SCAR studies (Reference 2). The optimizing 
studies previously made for the Langley program are applicable and therefore 
were not repeated. The LH 2 Mach 2.2 engine was computed with the hydrogen- 
air subroutine and is thermodynamically consistent with the Mach 2.7 cruise 
vehicle engine, see Table 7. 


3 . 2. 2. 2 Performance Characteristics. -Installed flight performance charac- 
teristics of the LH^ Mach 2.2 engine are shown on Figures 30 through 35* 
Figure 30 show one of the many duct-heating temperature engine operating 
schedules for the U.S. Std. atmosphere +15°C (59°F + 27°F) which were eval- 
uated at takeoff to meet the various noise requirements. Figure 31 and 32 
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PARAMETER 

REFERENCE VALUE 



CRUISE MACH NO 

F^, SLSMAX 
N 

2.7 

37600 da N (84500 lb) 

2.2 

351 00 da N (789001b) 

^C 

3.18 (34.2 ft^l 

1 .90 (20.4 ft^) 

°COMP 

2.069 m (81 .47 in.) 

1.618 m (63.71 in.) 

“^MAX 

2.604 m (102.5 in.) 

1.987 m (78.22 in.) 

“nozzle 

2.604 m (102.5 in.) 

1.987 m (78.22 m.) 

•-ENG 

6.782 m (267 in.) 

5.466 m (215.3 »n.) 

WEIGHT 

5260 kg (11600 lb) 

4900 kg (10800 lb) 


INCLUDES RFVERSER AND SUPPRESSOR 


DIAM = DIAM 


REFERENCE 


"ENGINE- 


p 0.5 

^NSLS \ 


^ENG ‘ ““ENG REFERNCE 


“NSLS \ 


NSLS REF 


WEIGHT = WEIGHT 


REFERENCE 


NSLS REF 


•-INLET"* ^COMP’^^'^® 


Figure 27. Duct Heating Turbofan Nacelle Dimensions and Scaling Data 











;ure 29- Jet Noise Suppressor Performance Envelope. 
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depict one of the climb schedules studied for the U.S. Std, atmosphere 
•*•8^0 (59°F + iU.U°F). Figvires 33 through 35 show supersonic and subsonic 
cruise performance for the U.S. Std. atmosphere +8°C (59°F ♦ lU.U°F). 

3.?. 2. 3 Physical Characteristics. - Nacelle configuration, dimensions and 
scaling data for the Table 7 engine with a cruise duct-heating temperature 
of 136T®K (2U60°R) are shown in Figure 72. The variations of engine size and 
weight with maximum climb duct augmentation temperature are shown in 
Figure 36. 

3.2.2.U Noise. - The noise considerations for the Mach 2.2 DHTF are similar 
to those of the Mach 2.7 DHTF. 


3.3 LHg Tank and System Design 

3.3.1 Tank Weight. - Based on work performed under Reference 7, the tank 
fatigue allowable stress level of 275,800 kPa (U0,000 psi) used in the pre- 
vious (Reference l) study on the alumlmm shell structure was reduced to 
206,850 kPa (30,000 psi) commensurate with an aircraft design life of 50,000 
hours. Table 8 compares the effect on the tank component weights, total 
weight, and weight fractions including both the forward and aft tanks. Due 
to similar loads and design conditions, the same tank weight fraction was 
used for both the Mach 2.2 and 2.7 aircraft. 

3.3.2 Tank Sizing. - Allowances for sizing the tanks are listed in Table 9. 
The volume required is based on the "as built" (warm) condition and includes 
the other allowances listed. The fluid expansion to a I38 kPa (20 psia) 
pressure is assumed to occur after filling from a ground storage facility 

at an equilibrium temperature corresponding to 103 kPa (15 psia). The effec- 
tive density is used to calcxilate the tank volume required using the total 
mission fuel determined in the ASSET computer program. 

3.3.3 Fuel System - The fuel system functional operation remains the same as 
described in Section U.1.3.3 of Reference 1. 

3.3.U Tank Insulation. - A study was made to determine a preferred thickness 
of cryogenic insulation for tanks of both aircraft. Figures 37 and 39 show 
the weight of the insulation, the hydrogen boil off, and the heat shield in 
cumulative fashion, all as functions of insulation thickness for the Mach 2.7 
and 2.2 aircraft, respectively. The arrow indicates the insulation thickness 
for minimum weight to be slightly over 76 mm (3 in) in both cases. Fig- 
ures 38 and UO consider the economic tradeoffs involved in the problem. They 
show the cost in thousands of dollars, per day for flying 10.2 hours per day 
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Table 8. LHg Integral Tank Weight 



Fatigue Stress Level 

Tank Component 

275,800 kPa 

1*0,000 psi 

206,850 kPa 

30,000 psi 

Shell 

3,91*6 kg 

8,700 lb 

5,253 kg 

11,580 lb 

Ends 

608 

1,350 

817 

1,800 

Frames 

891* 

1,970 

962 

2,120 

Baffles/bulkheads 

367 

810 

367 

810 

Crosstie 

00 

0 

900 

U89 

1,078 

Transition trusses 

1,131* 

2,500 

1,131* 

2,500 

Crack stoppers 

109 

2i*0 

11*5 

320 

Contingency (10J5) 

753 

1,660 

916 

2,020 

Total (both 
tanks ) 

8,22l» 

18,130 

10,083 

22,228 

Fuel weight 

1*1,958 

92,500 

1*1,958 

92,500 

Tank weigh't . 

fr.ction h \ 

0.196 

0.196 

0.21*03 

0.21*03 

Isj 






using a baseline cost of LHg of $2.85/OJ ($3/10 Btu). Again, insulation 
thickness is the independent variable. The lower curve on both charts is the 
difference in airframe amortization over a 50,000 hour life cycle as affected 
by aircraft size and weight changes due to carrying insulation of various 
thicknesses, and including consideration of the corresponding losses hydro- 
gen due to boil off. A portion of the gaseous hydrogen boiled off in flight 
is required to maintain design pressure in the tank. The cost of the GHg 
lost through venting is indicated by the difference in the flight boil off 
segment. The minimum operating cost is achieved with 127 mm (5 in.) of 
insulation thickness in both aircraft designs. 
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Table ?. LH^ Tank Sizing Allowances 


(Allowances ir. percent of as-built volume) 

M2. 2 

M2. 7 

Tank chill-down contraction 

0.90 

0.90 

Structure allowance 

0.52 

0.52 

Equipment allowance 

0.08 

0.08 

Fluid expansion lO** to 138 kPa (15 to 20 psia) 

1.70 

1.70 

Ullage after expansion 

C.30 

0.30 

Unusable 

0.30 

0.30 

Pressurant gas 

1.77 

1.77 

Vented boil-off 

1.38 

1.63 

Total allowance 

6.95 

7.20 

Effective density ^ density at 15 psia /lb 

of Tanked LH^ , . total allowance % \ ^: 

2 ^ 100 

U.1272 

U .118 


5 : 





**AXIMUMooCTtoni»|,»0 


TCMP 


figure 36. ^ 2.2 


’ ^2 Engine size 


«»x Duet Burning Teape^at 
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Figure hO. Insulation Thickness vs Cost for M2. 2 SCV, 


58 


3.3.5 LH2 Losses - A summary of the total fuel losses for the Mach 2.2 
and 2.7 aircraft is shown in Table 10. The boil-off looses are based on an 
insulation thickness of 5 inches as described in the previous paragraph. 

The fuel quantities listed are for the minimum gross weight aircraft meeting 
FAR 36 and described in subsequent sections. 


Table 10. LH2 Unusable Fuel and Boil-off Losses 




M2-2 

M2. 7 

Unusable - Tank 

% 

0,30 

0.30 

Unusable - Lines 

% 

O.ltO 

O.UO 

Pressurant Gas 

% 

1.77 

1.77 

Vented Boil-off 

% 

1.38 

1.63 

Total 

% 

3.85 

U.IO 

Total Mission Fuel 

hg 

U6,113 

U5,668 


(lb) 

(101,660) 

(100,679) 

Total Unusable and 

kg 

1,775 

1,873 

Boil-Off* 

(lb) 

(3,91»+) 

(i»,128) 

Total Fuel 

kg 

U7,888 

U7,5‘*l 


(lb) 

(105,57U) 

(10U,807) 


Included in "STANDARD ITEMS" in ASSET Weight statement. 


3.^ Weight Parameters 

As stated in the Technical Approach, Section 2, the philosophy for .this 
study was to make the design and technology basis for the subject LH2 vehi- 
cles identical to that used for the Jet A fueled designs from the "Cruise 
Speed Study" of Contract NASl-11940 (Reference 2). This resulted in greater 
use of advanced composites than that for the "LH2 AST Concept Study" of Con- 
tract NAS 2-7732 (Reference 1). Greater use of advanced composites results 
in significant weight reductions for each structural component as shown in 
Table 1 (Section 2). The percentage use of composites in the LH2 fueled 
Mach 2.7 and 2.2 airplane designs of the present study was the same aq that 
shown in Table 1 for the Advanced Technology Cruise Speed Study airplane. 

Two other differences incorporated in the design of the LH2 aircraft 
during the present study, which were significant changes from the design of 
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the original study, were the result of l) a decrease in allowable stress of 
the 2219 aluminum alloy used in design of the LH 2 tanks, and 2) an increase 
in thickness of the rigid, closed-cell plastic foam used for cryogenic 
insulation on the external surfaces of the tanks. The basis for these 
changes is discussed in Section 3.3. Briefly, the allowable stress was 
reduced to reflect use of more realistic fatigue allowables, and the increase 
in cryogenic insulation thickness was the result of consideration of economic 
factors in a tradeoff of insulation weight with the amount of gaseous hydro- 
gen lost through boil-off. Both of these changes obviously increase the 
inert weight of the aircraft and thus affect the improvement resulting from 
increased use of composites. 

The various weight parameters employed to represent the weight of the 
wing of the subject LH 2 fueled aircraft were derived primarily from the 
results of the Arrow-Wing Structures Study (AWSS) of Reference 3. That 
study was an analytical investigation performed to provide data to support 
the selection of the best structural concepts for the design of a near-term 
Jet A fueled Mach 2.7 supersonic cruise aircraft wing and fuselage primary 
structure. To arrive at proper projections for airframe structural mass for 
advanced technology supersonic cruise aircraft, similar designs using graph- 
ite- and boron-polyimide composites were evaluated. Data derived from that 
study, plus the design parameters and requirements identified below, were 
used to develop primary wing structure weights for the LH 2 fueled super- 
sonic cruise aircraft of the present study. 

The importeuice of the various interactive parameters that influence the 
design of a Jet A fueled supersonic cruise aircraft with a prescribed arrow- 
wing configuration employing chordwise-stiffened, beaded surface panels and 
submerged coirposite reinforced spar caps were identified as follows: 

( 1 ) The wing design parameters. Figure **1, were categorized by three 
distinct zones: 

• The tip structure was stiffness critical and sized to meet 
the flutter requirements. 

• The aft box and the more highly loaded portion of the forward 
box structures were strength-designed to transmit the wing 
spanwise and chordwise bending moments and shears. 

• The forward box structural- sizing resulted in surface panels 
and substructure components with active minimum gage con- 
straints. Foreign object damage was the governing criteria 
for selection of minimum gage. 

( 2 ) The design conditions which displayed the maocimum inplane surface 
panel loads are identified in F5.’ure k2. An exception is the tip 
structure which was stiffness critical for the Mach I .85 condition. 
Although the start-of-cruise condition (Mach 2.7) has the highest 
value of inplane loading, combination with the appropriau.. pressure 
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STIFFNESS DESIGN 


STRENGTH DESIGN . 


MINIMUM GAGE , 
(FDD) 


!T I i 


^_y_I}- LOWER 

*■/ — * SURFACE 
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I ->-j ssa« 


STRENGTH DESIGN 


STIFFNESS DESIGN 


Figure 4l. Wing Design Parameters. 
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Figure k2. Critical Wing Design Conditions. 
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loads results in the symmetric maneuver condition at Mach 1.25 
designing the wing in the forward and aft box region. 

(3) The Jet A fueled supersonic cruise aircraft displayed critical 

loads at Mach numbers wherein the structural temperatures do not 
influence the design appreciably. Although Figure 1+3 indicates 
a major area of Lhe wing lower surface impacted by the thermal 
environment, analysis of the surface panels and substructure using 
the applicable load-temperature environment results in the sym- 
metric maneuver condition at Mach 1.25 as the critical design 
condition. The resulting designs, however, were very similar in 
geometry and structural mass. The upper surface in the forward 
box was constrained by the minimtun gage criteria. 

For the LH 2 fueled Mach 2.7 aircraft, several distinct changes are evi- 
dent. The wing loading is reduced from 3.29 kPa (68.7 Ib/ft^) for the Jet A 
fueled aircraft (Reference 3) to 2.56 kPa (53.5 Ib/ft^) for the LH 2 fueled 
aircraft (Reference l), the wing area of the LHg design is much smaller, and 
the LH 2 fuel is carried in fuselage tanks, in lieu of in the wing. This min- 
imizes the beneficial effect of inertial relief; however, the surface panels 
for the LH 2 fueled aircraft are near-minimum gage since the effect of fuel 
pressures which had a strong influence on surface panel sizing for the Jet A 
fueled aircraft no longer apply. 

The wing tip region of the LH 2 -fueled aircraft is presumed to be stiff- 
ness-critical, thus the unit weights were considered invariant. 

AFT 6 OOY SHEtl 
• MACH 2.7 START-OF CRUISE 



Figure 1+3.- Mach 2.7 Thermal Environment Considerations 
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Siinunarized in Table 11 are the pertinent parameters associated with the 
primary wing box structure weights. A comparison of the AWSS results (Jet A 
fueled) with the LH 2 fueled aircraft is shown. Only the substructure unit 
weights in the forward box are reduced from the Jet A fueled weights by the 
wing loading ratio (53.5/68.7 = 0.78) since the panel structure is near- 
minimum gage. For the aft box/transition substructure a factor of 0.65 is 
applied. This further reduction is warranted, over the wing loading change, 
because of the greatly reduced span of the LH 2 - fueled aircraft. A compari- 
son of relative surface spanwise loads is shown in Figure 

The following features are common to both the Jet A and LH 2 fueled SCV's 
compared in this study insofar as weight representation is concerned: 

• No APU 

• No allowance for customer options 

• Weight of cargo containers included in payload 

• Very austere furnishings weight allowance. 

The items which account for the significant weight differences between 
the reference Jet A and the LH 2 fueled aircraft of this study are shown in 
the following list. The provisions made to account for the weight difference 
required for the LH 2 vehicles are defined. 

• Body - Added 6^ of Jet A body weight for double-deck passexiger cabin 
and two extra pressure bulkheads. [The weight increment (AW) is 
approximately IO 89 kg (2^+00 lb).] 

• Landing Gear - I 80 " extended strut length of main landing gear in 

lieu of 160 " to provide for an adequate scrape angle with a longer 

body. [AW '» 1+99 kg (1100 lb).] 

• Engine - M2. 7 LH 2 engine weight/thrust (SLS) = 0.13751 Ib/lb 

in lieu of 0.11+2859 Ib/lb for 
the Jet A design 

- M2. 2 LHp engine weight/thrust (SLS) = 0.131*90 Ib/lb 

in lieu of 0.11+2859 Ib/lb for 
Jet A 

• Fuel System - Added 80^ to weight of comparable Jet A fuel system for 
insulation and/or vacuum tubing around fuel lines. [AW * 907 kg 
(2000 lb).] 

• Integral LH 2 Tanks - Added 0.0958 x weight of LHg fuel (WLH 2 ) for 
tank ends and support structure (included in "body" weight). 

[AW » 1+375 kg ( 96 I +5 lb) for min. Wq M2. 7 aircraft.] 

• Unusable Fuel and Boiloff {% of usable fuel weight) 

M2. 7 * I+.IO; M2. 2 » 3.85, in lieu of O .89 for Jet A design 


i- 
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1» . AIRCRAFT SYNTHESIfJ 


Previous sections have described the basic propulsion, aerodynamic, and 
wei^iht inputs tc; the ASPiT aircraft synthesis program. This section describes 
the logic used in generati'>n of the parametric data am select! r.n of the final 
aircraft . 

The optimization of an aircraft to meet the takeoff performance, noise, 
and landing approach speed constraints involves consideration 'jf the f> 11- wing 
independent variables: 

1. Wing loading 

2. Thrust-to-weight 

Optimum duct burning temperature used in take-off, climb and cruise. 

In addition, the noise constraints of FAR 36, FAR 3b minus 5 dB, and 
FAR 36 minus dB, require selection of the take-off thrust level, the altitude, 
and amount of power cut hack that are necessary. Further limitations are 
imposed by FAR 36, Section C36-7 which states that, for four-engined airplanes, 
no cutback is allowed below 213 m (700 ft) and that a minimum climb gradient 
of zero must be maintained with one engine out at this reduced power level. 

The highest thrust level possible during the ground nm, while meeting the 
maximum sideline noise constraint, increases the altitude at the 6.U8 km 
(3.5 n. mi.) flyover measuring point. Selection of the best balance between 
the takeoff thrust level and the power cut back, minimizes both sideline 
and flyover noise levels as the aircraft climbs out of the ground attenua- 
tion effect. Since the subject LH 2 fueled aircraft weighs less than 
272,160 kg (600,000 lb), the allowable noise levels are a function of the 
gross weight ai;d require an iterative procedure to meet the desired noise 
levels for each predicted weight. The procedure and results of the take-off 
noise analysis are further described for both the Mach 2.7 and 2.2 aircraft 
in following sections. 

Table 12 illustrates the ten itteps involved in the final selection pro- 
cess. In most cares, the sample curves shown are repeated in the following 
sections for both the Mach 2.7 and 2.2 aircraft. 


MACH 2.7 AIRCRAFT 


5.1 Configuration Description 

The general arrangement of the liquid hydrogen (LH 2 ) fueled Mach 2.7 
minimum gross weight airplane is shown in Figure U 5 . It is basically the same 
configuration as described for the CT 1701-7-1 airplane in Reference 3 , the 
final report of the original study of LH 2 fueled supersonic transport aircraft 
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Table 12 

PARAMETHIC STUDY LOGIC 


(1.) SYNTHESIZE AIRCRAFT FOR SPECIFIED 
T/W AND W/S MATRIX THAT SATISFY 
FOLLOWING REQUIREMENTS: 

RANGE- 4200 n.mi. 

PAYLOAD 49000 lbs 
MAX DOT - 2460°R 



(2.) DETERMINE W/S REQUIRED FOR Vy^pp - 

158 kts USING LANDING PERFORMANCE 
FROM (1). 



(3.) SYNTHESIZE AIRCRAFT FROM (1) THAT 
SATISFY APPROACH CONSTRAINT, 

V;^pp - 158 kts, USING W/S FROM (2). 



(4.) DETERMINE MINIMUM TAKEOFF NOISE 
LEVELS FOR AIRCRAFT FROM (3). 



(5.) SYNTHESIZE AIRCRAFT THAT SATISFY 
TAKEOFF NOISE CONSTRAINTS USING 
T/W FROM ( 4 ) AND W/S FROM (21. 

T.O. NOISE - FAR 36 

T.O. NOISE • FAR 36-5 EPNdB 

T.O. NOISE - FAR 36-10 EPNdB 








Table 12 

PARAMETRIC STUDY LOGIC (Continued) 


(6.) DETERMINE MAX OBT FOR AIRCRAFT 
FROM (5) THAT MAXIMIZE RANGE 



(7.) SYNTHESIZL AIRCRAFT USING T/W 
FROM (4). DBT FROM (6), AND W/S 
FOR V^pp - 81.3 m/s (158 kts) 


— DBT - 1367®K t2460*R) 
O DBT - OPT 

Vami’ 81.3 rp/f ItSBkti) 


— DBT - 1367®K (2460“R) 
O DBT • OPT 


(8.) REFINE T/W REQUIRED TO MEET TAKEOFF 
NOISE CONSTRAINTS USING AIRCRAFT 
FROM (7). 


(9.) SYNTHESIZE AIRCRAFT USING T/W 
FROM (8), DBT FROM (6). AND W/S 
FOR Vapp - 81.3 m/t (158 kts) 


— OBT • 1367®K (2460^R> 
O OBT • OPT 

V^^-81.3m/«nSBkt() 


(ia) SYNTHESIZE AIRCRAFT THAT SATISFY 
FOLLOWING REQUIREMENTS: 

MINIMUM TOGW. NOISE FAR 36 
MINIMUM FUEL. NOISE FAR 36 
MINIMUM DOC. NOISE FAR 36 
T.O. NOISE • FAR 36 - 5 EPNdB 
T.O. NOISE - FAR 36 - 10 EPNdB 


DBT -OPT 





performed by Lookheed-California Company for NASA-Ames Research Center. As 
illustrated in Figure U6, passengers are carried in the same double-deck 
arrangement located amidships as in the previous design. Liquid hyarogen fuel 
is contained in insulated, integral tanks located both forward and aft of the 
passenger compartment. The double-lobe cross section of the fuselage, which 
was found to be structurally^’ and volumetrically efficient for both passenger 
seating and fue3 containment purposes, was retained. 

Except for the hydrogen tanks, the fuselage is basically conventional 
skin/stringer/fraiae type construction using titanium alloy reinforced with 
boron-polyimide in critical areas. The floor between the upper and lower 
passenger compar^men'^s is located between the cusps of the double-lobe cross 
section where it also serves as a tension tie to counteract the unbalanced 
pressure load between the two sides of the piessurized cabin. 

The Integral fuel tanks, which serve as both fuel containers and fuselage 
structure., are a welded structure of 2219 aluminum skin, stiffened with Inte- 
gral longHudiral stringers, and stabilized with circumferential frames. 
Apnroximately every 5»08 m (2C0 in.) along the length of the tank there is 
a diaphragm baffle to control fuel slosh. An aluminum**bonded honeycomb sand- 
wich panel located between the cusps of the double-lobe tanks, similar to the 
floor in the passenger compartment, is used to react the unbalanced pressure 
loads and also to serve as a walk-way for routine inspection and maintenance 
ol the tank. The -cank ends are modified elliptical shapes to minimize the 
interconnect distance between the tanks and the adjacent structure. The inter 
connect structure is a truss framework using tubes made of fiberglass rein- 
fr ^od with boron filament. 

The tank thermal protection system is a little different from that used 
in the previous study (see Section 3-3 for a detailed descrip^ion ) . Basically 
it consists of a layer of closed-cell foam material bonded to the tank 
exterior surfaces for cryogenic insulation, and a fiberglass/polyimide honey- 
comb core faced with graphite/Kevlar /polyimide surfaces to serve tie combined 
functions of heat shield and damage-resistant external surface of the airplane 

The wing has the arrow-pl anf orm and section prescribed by NASA- Langley 
Research Center for all of their supersonic cruise vehicle advanced technology 
studies. The structural arrangement is identical to that evolved from the 
study of Reference 3» modified to account for the 

• smaller wing area, 

• lower wing loading, and 

• elimination of fuel in the wing (no load relief) 

which are characteristic of the differences between Jet A and LHp fueled air- 
crafo. The thin, flexible, highly ^wept and cambered wing is carried as a 
continuous structure under the fuselage, except at the forward apex. 
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The wing skin is titanium alloy and its structural framework is a series 
of spanwise beams located approximately 20 in. apart throughout the main 
load-carrying area. The beams are extruded titanium alloy spar caps, rein- 
forced with boron-polyimide , to which are welded titanium tubes to form a 
trusswork. The outer wing panels are a titanium faced, titanium core, 
aluminum brazed honeycomb. 

The empennage structure is similar to that of the wing outer panels. 

Flight control and high lift devices for the CL 1701-9-1, as shown in 
Figure U5, are the same as those for the CL 1701-7-1 aircraft from Reference 1. 
Pitch control is obtained from an all-moving horizontal stabilizer with a 
geared elevator while yaw control is provided by a fuselage-mounted, all- 
moving vertical tail with a geared rudder. 

A fixed vertical fin is located on each side of the wing for high speed 
directional stability. The outer wing includes ailerons for roll control at 
low speed and Krueger leading edge flaps for use at subsonic and transonic 
speeds. Plain spoilers next to the fuselage are used for deceleration on the 
ground. The Fowler inboard trailing edge flaps increase lift at low speeds 
while flaperons function, dependent on speed, as either high lift or roll 
control devices. 

Wing-mounted main landing gears retract forward into the wing Just out- 
board of the fuselage. Four duct-burning turbo-faui engines, each with 
23^, 9^0 N (52,820 lb) of \ininstalled thrust, are mounted in xmderwing pods. 

The engines are equipped with axisymmetric inlets and thrust reversers. 


5.2 Parametric Data Results 

Figures 47 and 48 show the original matrix of 40 aircraft in terras of 

gross weight and fuel consumption for various thrust-to-weights and wing load- 
ings with a maximum duct burning temperature (DBT) of 1367° K (2460° R). The 
dashed line indicates the locus of those aircraft meeting the maximum approach 
speed of 8l.3 m/s (158 KEAS) which is determined by the block fuel consumption 
cuid the take-off wing loading. Figure 49 shows the effect of various fuel 
prices on DOC for aircraft meeting the 8l.3 m/s constraints and indicates a 
very slight shift in the optimum T/W for minimum DOC. From these plots three 
preliminary aircraft meeting FAR 36 can be selected; one each for minimum gross 
weight, minimum fuel and minimum DOC. 


Takeoff Jet noise was determined for a parametric family of aircraft hav- 
ing engines designed for a maximum duct burning temperature of (1367^ K (2460^ R) 
and wing sized to meet the landing approach jpeed limit. The predicted noise 
does not include the effects of aerodynamic, burner; compressor or fan noise 

sources. The Jet noise suppression used for the analysis was taken from 
Figure 29. The thrust setting at brake release, the thrust setting at cut- 
back, the aircraft height at cut-ba,'k used for takeoff noise abatement, and 
the maximum climb and cruise DBT's are presented in Figure 50 for parametric 
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Figure 50. Takeoff Noise Abatement Procedure 
M2. 7 LH_ SCV. 
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family of aircraft. The thrust setting at :ut-back provides a zero climb 
gradient with one engine in^ 'perfrM ve . For aircraft with T/W less than 0.6i’, 
maximum thrust was used prior to cut-back. The cut-back height was selected 
to match the FAR 36 sideline and flyover nois^* decrements. For aircraft with 
T/W greater than 0.62, the height at cut-back was held at 213 m (TOO feet ) 
and the thrust setting at brake release was adjusted to match the FAR 36 sid»^- 
line and flyover noise decrements. The resulting matched FAR 36 sideline aril 
flyover noise decrements are presented in Figure 51 for the parametric fami'y 
of aircraft. The discontinuity in the curve reflects the discontinuance of 
duct burning. Belov the break, no duct burning occurs. 

Figure 52 shows the range of the FAR 36-10 aircraft (T/W * 0.83^*) when the 
mission is flown with verious levels of maximum duct burning temperature (DBT). 
From this plot, the optimum DBT of 1033° K (l860° R) was selected and the air- 
craft resized to a T783 km (U200 n.mi.) rsmge to produce the final FAR 36-10 
aircraft. 

Table 13 summarizes the characteristics of the final five selected air- 
craft. Tiie sensitivity of the Mach 2.T aircraft to noise reduction shows that 
up to 5 EPKdB can be met with essentially no penalty in terms of the critical 
DOC parameter and with very little increase in gross weight or aircraft price. 

A reduction to -10 EPNdB will penalize the gross weight by percent , the DOC 
by 10 percent and the price by 19 percent relative to the -5 EPKdB aircraft 
because of the high thrust (engine weight ) required to allow the power cut- 
back (^Tf«) necessary to meet the noise constraint. Comparison of the data also 
indicates that there :.s very little difference between the first four aircraft. 
The maximum gross weight spread is only 2.2 percent while the block fuel con- 
sumption is 2.6 percent. DOC spread is less than 0.8 percent with the mini- 
mum DOC aircraft a good compromise between minimum fuel and minimum gross 
weight. It should be noted that no power cutback or throttling during ground 
run was required of these aircraft to meet or better the standard FAR Fart 36 
noise constraint. Cutback and throttling is required, however, for the 
minus 10 dB constraint and the optimum DBT is reduced to 61***® K (ll60° R). 

Examination of Table 13 shows the thxnist to weight ratios selected for 
minimum gross weight (0.535) and minimum DOC (0.580) provide aircraft which 
are quieter than FAR 36 by -2.75 and -h.kz EPNdB, respectively. Therefore, 
the FAR 36 constraint is not critical for aircraft selected to these two 
criteria. Minimum fuel weight is critical with regard to FAR 36-5 and the 
thrust-to-velght required (0.620) exceeds that noise specification by 
0.95 EPKdB. Aircraft designed to meet FAB 36-10 ere noise critical and 
require a thrust-to-weight of O.838 in order to allow the power cutback nec- 
essary to meet the -10 EPKdB constraint. 

Figure 53 shows the c.g. travel of the Mach 2.7 aircraft with the desired 
c.g. at 51 percent of the M.A.C in the mid-cruise weight range. 


5.3 Sensitivity Analysis 

The minimum groee weight, FAR 36, Mach 2.7 LH 2 vehicle was perturbed on 
the basis of range, empty vei^t, SPC, drag, and payloaf ..o determine its 
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Figvure 53. Center of Gravity Travel 
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Table 13. Mach 2.7 LH 2 SCV - Aircraft Comparison 
7783 km Range > 22,226 kg Payload 
Fuel Cost = $2.85/GJ 
(S.I. Units) 




Minimum 
Fuel Wt 

KfS 

Minimum Gross Weight 



DOC 

FAR 36 

FAR 36-5 

FAR 36-10 

Gross Wt. - Ref 

kg 

182,990 

180, 400 

179.130 

181,265 


Block Fuel Wt 

kg 

3'f,7l*0 

37,950 

38,735 

37,835 

39,970 

DOC 

c 

seat km 

1.356 

1.350 

1.360 

1.351 

1,487 

Airplane Price 

$10° 

hjM 

46.36 

45.50 

46.74 

55.63 

Wing Loading 

kg/m^ 

239.2 

240.7 

242.6 

240.2 

235.8 

•nirust/Wei^t (DFT * 2U60° R) 

H/kg 

6.080 

5.687 

5.246 

5.835 

8.217 

Maximum DBT - Climb and Cruise 

OR 

2b60 

2460 

2460 

2460 

i860 

Maximum DBT - Takeoff 

OR 

2460 

2460 

2460 

2460 

1160 

Wing Ar ja 

m2 

765 

749 

740 

754 

876 

Span 

m 

35.1 

34.7 

34.5 

34.8 

37.5 

Fuselage Length 

m 

102.8 

103.0 

103.7 

102,9 

105.3 

Landing Approach Speed 

m/s 


1704 

1853 

1661 

1740 

FAR T.O. Field Length 

m 

1597 

FAR Landing Field Length 

m 

2387 

2384 

2377 

2387 

2411 

Average Cruise L/D 


7.53 

7.49 

7.42 

7.51 

7 .60 

Average Cruise SPC 

If/daN 

0.572 

0.578 

0.585 

0.576 

0.542 

Average Cruise Alt. 

m 1 

21,6U0 

21,640 

21,340 

21,640 

21,340 

Structure Wt* 

kg 

66,980 

65,970 

65,430 

66,310 

75,873 

Prop\U.slon Wt** 

kg 

30,310 

28,580 

26,990 

29,210 

41,700 

Equip, and Fum Wt 

kg 

13,710 

13,690 

13,690 

13,700 

13,970 

Ei^ty Wt 

kg 

111,010 

106,250 

106,110 

109,210 

131,535 

Std. Operating Items 

kg 

5,100 

5,100 

5,130 

5,100 

5.260 

Operating Qnpty Wt 


116,100 

113,350 

111,240 

114,310 

136,790 

Payload 

kg 

22,226 

22,226 

22,226 

22,226 

22,226 

Zero Fuel Wt 

kg 

138,330 

135,570 

133,465 

136,540 

159,020 

Total Fuel 

kg 

UU ,660 

44,830 

45,670 

44,730 

47,540 

Take-off Gross Wt 

kg 

182,990 

180,400 

179,130 

181,265 

206,550 

„ . Actual 

EPNdB 

100.91 

102.38 

104.04 

10142 

97.20 

Sideline Noise 

106.8^ 

1& 

106.79 

106,82 

107.20 

.... ^ -tual 

EPNdB 

99.19 

100.60 

102.23 

100.06 

96.03^ 

loOl 

Flyover Noise ^^-35- 

105.14 

105.03 

104. 90 

105. 0^ 

ANoise Reduction 

EPNdB 

-5.95 

-J4.U3 

-2.75 

-5 

-10 

(from FAR 36) 







Qiergy Utilisation 

kJ 

2US3 

2500 

2551 

2492 

2632 

seat km 



**Xnclud«8 LHg tank vaight. 

**Xncluda8 in8uXation and haat shield valght. 


'"^woBOttunv 
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Table 13- Mach 2.7 LH 2 SCV -- Aircraft Comparison (Continued) 
1*200 n.mi. Range - 49,000 lb Payload 
Fuel Cost = $3/10® Btu (15.1+8^/lb) 

(U.S. Customary Units) 



Gross Vft - Ref 
Block Fuel Wt 


Airplane Price 
Wing Loading 

Thrust /Weight (DBT * 2U60^ R) 
MaLXimum DBT - Climb and Cruise 
Maximum DBT - Takeoff 
Wing Area 
Span 

Fuselage Length 
Landing Approach Speed 
FAR T.O, Field Length 
FAR Landing Field Length 
Average Cruise L/D 

Average Cruise SFC 
Average Cruise Alt 

Structure Wt* 

Propulsion Wt** 

Equip, and Furn Wt 
Er^ty Wt 

Std. ♦ Operating Items 
Operating Etapty Wt 
Payload 
Zero Fuel Wt 
Total Fuel 
Take-off Gross Wt 


Sideline Noise 


Actual 
PAR 36 


Flyowr Noise 

ANoise Reduction 
(from FAR 


Energy Utilization 


seat smi 

$100 

Ib/ft^ 


Btu 

seat nni 


Minimum 
Fuel Wt 


1*03, 1*10 

83.190 


0.362 

Tl.OOO 

1U7,660 

66,830 

30,230 

2ltl»,725 

11,240 

?55,960 

49,000 

304,960 

98.450 

403,410 

100.01 

loO? 

iiiiV 

i05.il* 


Minimum 

DOC 


397 JIO 
83,670 


Minimum Gross Weight 


0.568 

71.000 

145,440 

63,020 

30,180 

238,640 

11,240 

249.880 
49,000 

298.880 

98,830 

397,710 



FAR 36 

FAR 36-5 

FAR 36-10 

394.910 

399.C15 

455.360 

85.390 

83,410 

88,110 

2.189 

2.175 

2.392 

45.50 

46.74 

55.63 

49.7 

49.2 

U8.3 

0.535 

0.595 

0.838 

2,46o 

2,460 

1,860 

2,460 

2,460 

1,160 

7.962 

8,121 

9.432 

113.1 

114.3 

123.1 

340.2 

337.6 

345.6 

158 

158 

158 

6,080 

5.450 

5 JIO 

7,800 

7,830 

7,910 

7.42 

7.51 

7.60 

0.575 

0.566 

0.532 

70,000 

71,000 

70,000 

144,255 

146 ,160 

167,270 

59,500 

64,390 

91,920 

30,170 

30,200 

30,790 

233.930 

240,770 

289,980 

11,300 

11,240 

11,585 

245,235 

252,010 

301,570 

49,000 

49,000 

49,000 

294,235 

301,010 

350,570 

100,675 

98,610 

104,740 

394,910 

399,615 

455,360 

104.04 

101.82 

98.20 

106.79 

106.62 

107.20 

102.23 

100.06 

96.01 

104.98 

105,06 

io6. 11 

-2.75 

-5 

-10- 

4,483 

4,379 

4,626 ! 


*Ineludee tank .weight. 

••Ineludea Inaulation and heat ahield weight. 


















sensitivity to each of these factors. Figures 5^ through 59 show the results 
of these excursions, together with sensitivity factors at the design point, 
where appropriate, on gross weight, DOC, price, and total fuel weight. 

Figure 5*» examines the growth of the point design aircraft on the basis 
that the design mission range was increased. To accommodate the increased 
fuel required the fuselage was allowed to grow in length. In each case the 
vehicle is resized and the constraints of approach speed and noise held con- 
stant, Since the landing wing loading is held constant to meet the approach 
speed, the takeoff wing loading can be increased slightly as more mission 
fuel is consvuned. FAR 36 allows increeising takeoff and flyover noise as 
gross weight i.? increased, which results in a slightly higher allowable Jet 
velocity. The result is that the t\urbofan engine power can be reduced. More 
usable thrust allows a slight decrease in the installed thrust -to-weight ratio. 
This slightly increases the takeoff field length but it remains well within 
the 3,200 m (10,500 ft) constraint. The resvilt of this study shows that the 
design range of the Mach 2.7 LH2 vehicle can be greatly extended with a rea- 
sonable increase in gross weight (a 28 percent increase for a 2,22l» km 
(1,200 n.mi.) range increment). For convenience, the sensitivity of each of 
the characteristics around the design point, indicated by the circle on the 
plots, is listed. For exan5>le, the plot of gross weight versus range indi- 
cates a growth of about 3*» kg (7^ lb) in gross weight would be required for 
every nautical mile increase in design range. 

Figures 55 and 56 illustrate the effect of a change in empty weight as 
would be the case if equipment or structural weight were to increase or 
decrease from the original target weight. Two different situations were 
examined. In Figure 55, the assumption is that the vehicle design has not 
been frozen and the option exists to resize the vehicle to accon^lish the 
original mission. This might be the case if, for example, the target wing 
weight were exceed by ^,536 kg (10,000 lb) at the original design gross 
weight. This ca\ises a subsequent Increase in fuel, propulsion, structure, 
etc. and finally a further increase in the wing itself to maintain the 
vehicle performance. The sensitivity or growth factor shown is about 1.38 kg 
(3.05 lb) of gross weight per kg (lb) of original empty weight change. The 
sensitivity of DOC, price and fuel required is also shown. Figure 56 assumes 
that the design gross weight has been frozen and that the fuel available (and 
fuel volume) must be adjusted to reflect the change in empty weight. The 
resxilt is a chauige of about 0.153 km/kg (0.037^ n.nu. per pound) of empty 
weight change. DOC, and price and fuel sensitivities are also shown. 

Figure 57 shows the effect of a uniform change in engine specific fuel 
consumption (SFC) on total range euid DOC. In the range tradeoff the vehicle 
is not resized but flies at different ranges as the fuel consuDq>tion is varied. 
This is a significant sensitivity and allows w increase of 101 km (5^>3 n.mi.) 
with each 1 percent decrease SFC. The DOC tradeoff is shown to be much less 
sensitive. 

Figure 58 is simply the Increase in range which would be possible if pay- 
load if off-loaded. The increase is about O.O66 km/kg (O.OI62 n.mi. per lb) 
of payload. When no payload is carried, the airplane has a range capability 
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Figure 56. Empty Weight Change Sensitivity 
M2.T LHg SCV (constant gross weight). 
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of 9,2^6 km {k,995 n.mi.)< It should he noted that as designed, the point 
design vehicle is fuel volvune limited and no additional fuel can he added as 
the payload is reduced as is the case for the conventional, hydrocarbon fueled 
aircraft. In the real vorld, the advisahility of carrying extra tankage tc 
increase flexibility would he a matter of route structure and economics. The 
method of constr*uction of the vehicle would allow enlargement of the tanks by 
a simple fuselage plug within the limits of aircraft strength and the wing 
area selected. 

Of equal importance to engine specific fuel consumption is the drag level 
Figure 59 shows a change of about 105.6 km (57 n.mi.) distance and 0.021d in 
DOC for each drag count. The analysis assumed that the change in nomined drag 
was applied uniformly to the zero-lift frag at all Mach numbers. For refer- 
ence, the nominal drag level of the M2. 7 IH 2 SCV in cruise is about 157 counts 


5 .^ Comparison Vlth Jet A Design 

One of the study objectives was to provide designs of fueled SCV's 
which could be compared directly with equivalent hydrocarbon (Jet A) fueled 
versions. The ground rules of the subject study were modified to provide a 
comparable basis for design with the Jet A fueled SCV developed under Con- 
tract IlASl-12288 (Reference 2). Thble lU presents a number of relevant fac- 
tors to compare characteristics of aircraft designed to carry a payload of 
22,226 kg (1»9*000 lb) (23^ passengers) 7778 km (U2C0 n.mi.) and cruise at 
Mach 2.7. They are designed to the same technology state-of-the-art, defined 
by the work of Reference 2 as that which is presumed to be available for start 
of hardware development in 1985. 

As seen in the Table, the LR2 SCV gross weight is approximately 52 per- 
cent of the Jet A fueled design. This leads to lower airline operating costs 
for a variety of reasons, e.g., wheels, tires, and brakes, all sized as func- 
tions of gross wei^t, which are among the most significant maintenance cost 
items. Low gross wei^t also minimises ground handling problems and cost of 
equipment. In addition, low gross wei^t also means smaller engines since 
engines basically are sized to provide the thrust/weight ratio needed to meet 
takeoff field length requirements, modified as needed to also meet noise lim- 
itations. Smaller engines mean lover initial cost as well as lover mainte- 
nance costs. 

Operating empty wsi^t is 80 percent that of the Jet A vehicle. This 
reflects a significant reduction of empty wei^t which need not be either 
manufactured (at an average cost of about $85/kg ($200 /lb) for typical super- 
sonic transport aircraft) or lifted and accelerated to cruise conditions on 
every tllffiit for the life of the aircraft. These results also lead to airline 
operating economies. 

One of the most interesting items observed in the table is the fact that 
there is a factor of 3.93 difference in the total fuel weight required by the 
two aircraft. However, the ratio of (.he average specific fuel eonsusq>tion 
(SFC) values during cruise listed in >he taUe is only 2.6l. It might be 



Table lU. Comparison of Mach 2.7 Jet A and LH2 Fueled SCV's 


T \ m 1 



Jst A 

IMst 

Rstlo 
Jst A/LHg 

P^XoAd 

he 

(Ik) 

22,22d 

(1*9.000) 

88,886 

(U9.OOO) 


Rftfii* 

h» 

(n.Bi. ) 

T.783 

(U200) 

7,783 

(1*.800) 


Cruls* SpMd (Std. Uv * °0 C ) 


Msch 


8.88 


2.62 


Tikeoff 0ro«* Utic^t 

he 

(Xb) 

11*5, 7M 

(768,170) 

X79.X30 

( 391 * .910) 

1.93 

Optrfttiix Vdicht 

he 

(Ik) 

IU3.980 

(:i7,l*80) 

'11,81*0 

(8U5.835) 

X.29 

ru*i Ukiiitt. Block 

he 

(Ik) 

XltS.S^O 

(330,590) 

38.735 

(85,390) 

3.86 

Tetftl 

he 

(Ik) 

XT9 b 5XO 

(395,750) 

1*5,670 

(100,675) 

3.93 

futl VolMt 

.3 

(ft3) 

23T 

(8,380) 

692 

(81*. 1 * 50 ) 

2.92 

Vine Ar«ft 

Wft 

(ft*) 

1031 

(ll,09l*) 

739 

(7.958) 

1.39 

Wing Loftdinc (V/S) Tsiwoff 

k $/ w ? 

(Xk/ft*) 

333 

(W.7) 

81*8.6 

^9.7) 


Undini 

kf/a^ 

(ik/ft*) 

189.9 

(38.9) 

189.9 

(36.9) 


Spift 

A 

(ft) 

kO.7 

(133.5) 

3U.U 

(1X3) 

1.X8 

Ov«rtlX Itfifth 

A 

(ft) 

90.5 

(897) 

X03.7 

(3U0.8) 

0 87 

Uft/DrM (eruii«) 




6.65 


7.^2 

X.17 

8 p«ctfte f\Ml CcmauiVtloA (eruiM) 

he/hr/d«X 

(dk/hr)/lk) 

1.888 

(1.501) 

0.585 

(0.575) 

2.61 

Thrust /UtlfHt (813) 

x/ke 

- 

k.li78 

(O.U56) 

5.81*6 

(0.535) 


Thrust Hr 

X 

(Ik) 

38070 

(86,690) 

831* . 91*0 

(52,820) 

l.6t 

FAK Thksuff FltXd Lsflfth 

A 

(ft) 

8893 

(9,^90) 

1853 

(6,080) 

1.56 

FAX Undinf FisXd Lsn«th 

A 

(ft) 

8U38 

(7.960) 

8377 

(7,800) 

X.02 

UsdiBi Approseh 8pssd 

A/i 

(nu) 

81.3 

(X56) 

81.3 

(X58) 


Uslcht Frsettens 


FsresAt 






FUsX 




52.0 


25.5 


FAFXosd 




6.^ 


12. U 


Struct urs 




25.9 


36.5 

• 

FrepuXslcB 




9.9 


15.x 


ilttlFMit sod Opsrstins ^ttus 




5.8 


10.5 


Bisrgr UtlXtutlOA 

hJ 

•sst kA 

Xtu 

•SAt B.AX. 

3588 

(6.189) 

8531 

(^,W3) 

1.38 













expected that the same ratio should apply for both parameters. The fact that 
there is a higher ratio for the fuel weights than there is for the SPC's, is 
largely accounted for by the greatly reduced weight which must be lifted and 
accelerated by the hydrogen fueled aircraft. This reduced weight consists of 
not only the inert weight factor mentioned above, but a? so the much lighter 
fuel load. The reduced fuel load is mainly attributable to the SFC ratio; 
however, it is also favorably affected by the consideration that because the 
vehicle is lighter to begin with, for a given L/D it will require less thrust 
to overcome drag, therefore it will consume proportionately less fuel. It is 
seen that the L/D for the LH2 aircraft is lower by almost lU percent , but its 
average weight in cruise is lower by approximately 50 percent, thus leading 
to the favorable effect on fuel required dvirlng the flight. 

Examination of the physical characteristics of the aircraft shows the 
LH2 SCV to be longer, have a shorter span and a much smaller wing. The wing 
loading is much lower at takeoff but the same at landing. The thrust per 
engine is 6l percent that of the Jet A, but the thrust loading (uninstalled 
total thrust, sea level static, standard day condition, divided by gross 
weight) is higher. 

Another factor of interest to compare the relative desirability of the 
two aircraft is energy expended per available seat mile. The Jet A SCV uses 
38 percent more Btu available seat mile than does the LH2 vehicle, viz., 

6189 Btu versus 4U83 Btu per seat mile. It should be noted that neither of 
these numbers Includes the energy required to produce the fuels , nor to trans> 
port them to the airport. Both values represent Just the energy contained in 
the fuel required by the respective aircraft to accomplish the given mission. 

Table 15 is a comparison of the group weight statement of both aircraft 
and shows the penalty paid for LH2 fuel tanks and insulation. 

Table 16 lists some pertinent cost data for comparlslon of the two types 
of aircraft. The costs are e^^ressed in tenas of 1973 dollars, calculated on 
the bases noted. The LK2 SCV aircraft Is almost $l6 million cheaper than the 
comparable Jet A airplane in production, and development Is estimated to cost 
670 million dollars less due largely to the lower airframe weight and use of 
smaller engines. Direct Operating Cost (DOC) is strongly influenced by the 
cost of the fuel. The values of DOC shown in the table are based on fuel 
costs which were arbitrarily specified for both fuels. In September 1973 » 

Jet A sold for approximately 3.17^/llter (12^/gal). By September 1975 • the 
price had risen to 7.55^/llter (28.6^/gal) for domestic and 10.03^/liter 
(36.6^/gal) for bonded fuel, used international carriers. The cost of LH2 
produced in large quantities is. variously quoted at prices from $2.37 to 
$1*.7U/0J ($2.50 to $5.00 per 10® Btu -12.9 to 25.8$/lb) delivered to the 
airport . 

Figure 60 presents a plot of DOC for each type of aircraft as a function 
of fuel cost. This shows that a 9.7$/liter (36.6$/gal) for Jet fuel the air- 
lines could afford to pay $k.26/0J ($k.h9 per 10” Btu) for LH2> It is 
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Table 15. Group Weight Statement - fiach 2 .T Jet A and LKg SCV's 



Jet A 

LH 2 (Min. Wq) 

kg 

lb 

hg 

lb 

Take-Off Weight 

(3k5,72l) 

( 762 , 171 ) 

(179,133) 

(394,914) 

Fuel Available 

179,513 

395,752 

45 ,6f)8 

100,679 

Zero Fuel Weight 

166,208 

(366,419) 

183,465 

( 294 , 235 ) 

Payload 

22,226 

49,000 

22,_26 

49,000 

Operating Weight 

1U3,981 

(317,419) 

(111,239) 

(245,235) 

Operating Items 

2,U79 

5,466 

2,439 

5,376 

Standard Items 

2,«*20 

5,334 

2,638 

5,927 

Bt^ty Weight 

(139,082) 

( 306 , 619 ) 

( 106 , 112 ) 

( 233 , 932 ) 

Wing 

«»7,391 

104,477 

26,244 

57,858 

Tail 

k,262 

9,337 

2,345 

5,170 

Body 

17,773 

39,181 

25, 354 (D 

55 , 895 ® 

Landing Gear 


31,017 

8,080 

17,812 

Surface Controls 


8,471 

2,089 

4,600 

Hacelle and Engine Section 

2,263 

4,989 

1,325 

2,920 

Propulsion 

(3U,365) 

( 75 , 761 ) 

( 26 , 991 ) 

(59,503) 

Engines 

22,522 

49,651 

13,176 

29,053 

Thrust Reversal (in engines) 

- 

- 

- 

- 

Air Induction System 

8,67k 

19,123 

4,967 

10,951 

Fuel System 

2,438 

5,375 

8,222® 

18 , 127 © 

Ermine Controls and Starter 

732 

1,613 

622 

1,372 

Instruments 

561 

1,237 

500 

1,102 

hydraulics 

2,630 

5,799 

1,363 

3,004 

Electrical 

2,069 

4,562 

2,160 

4,761 

Avionics 

863 

1,903 

863 

1.903 

Furnishings and Equipment 

5,228 

11,526 

5,228 

11 , 526 

Environmental Control System 

3,764 

8,297 

3,573 

7.877 

Auxiliary Oear 

0 

0 

! 

0 

i 

0 


Includes: 10,997 kg (2U,2U3 lb) of fuel tankage and interconnect structure> 

(D Consiats of: 3»368 kg (7,i»70 lb) insulation 
2.772 kg (6,111 lb) heat shield 
2,062 kg (U,$it 6 lb) fuel system 
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Table l6. Cost Comparison: Jet A Versus LH2 Mach 2.7 SCV's 

(Refer to Table IM for vehicle data) 


Costs* 

Aircraft 

Jet A 

LHg 

RDT&E $106 





Engine 


1,001 


876 

Airframe 


3,3UU 


2,902 

Total 


!+,3l»5 


3,778 

Production Aircraft, each $ 

61,1+08,000 

1+5,500,000 

Direct Operating Cost (DOC) 

seat km 

seat sm 

seat km 

seat sin 

Flight Crew 

0.059 

0.095 

0.062 

0.099 

Fuel and Oil 

0.682 

1.098 

0.766 

1.233 

Insurance 

0.096 

0.15l» 

0.075 

0.120 

Depreciation 

0.308 

0.1*96 

0.21+0 

0.387 

Maintenance 

0.275 

0. 1+1*2 

0.217 

0.350 

Total 

1.1+20 

2.285 

1.360 

2.189 

Indirect Operating Cost (lOC) 

0.559 

0.900 

0.522 

0.81*0 


[ i *Basi8 for Costs: 

• 1973 dollars 

U « production of 6OO aircraft 

• passenger load factor ® 0.55 
• aircraft utilization » 3*600 hrs/year 

• fuel cost: Jet A = $1.90/GJ ($2/10O Btu « 2U.8^/gal » 3.68^/lb). 
j| LH2 » $2.85/GJ ($3/106 Btu « 15.U8^/lb). 

u 

u 

0 


u 


97 










significant that this comparison, favorable as it is to the hydrogen aircraft, 
does not include consideration of cost advantages resulting from the lower 
maintenance requirements and the longer life anticipated for components on 
engines fueled with liquid hydrogen. 

An indicated by the divergent lines representing DOC for the two fuels on 
Figure 60, the difference in fuel cost which produces equivalent DOC varies 

for the subject 
be paid for LH2, 
operating cost. 


to produce 


6. MACH 2.2 AIRCRAFT 


with cost of the fuels. The following expression can be used 
Mach 2.7 SCV aircraft to calculate the differential which can 
over the selected price of Jet A, to provide parity in direct 

• 0.335 » 0.560 

= cost increment in $/10^ Btu permitted for LH2 
equal DOC. 

= cost assigned for Jet A fuel in $/10^ Btu. 


where AC 


LH2 


"JA 


6.1 Configuration Description 

The general arrangement of the LH2 fueled Mach 2.2 minimum gross weight 
airplane is shown in Figure 6I. Fundamentally the design is identical to the 
Mach 2.7 aircraft described in Section l*.l. The only differences 8ire those 
prescribed by the aerodynamic requirements of cruising at Mach 2.2 instead of 
2.7. Accordingly, the wing and tail surfaces have less sweep, a higher aspect 
ratio, and smaller areas. The wing area is smaller for the Mach 2.2 design 
because the higher aspect ratio leads to better low speed lift characteristics 
and the wing loading can be increased. 

Overall dimensions and significant geometric characteristics of the 
Mach 2.2 LH2 fueled airplane are shown on the general arrangement drawing, 
Figure 61. The inboard profile, Figure 62, illustrates the passenger seating 
arrangement and shows the same relationship between the passenger compartment 
and the liquid hydrogen tanks previously described. In fact, the Mach 2.7 and 
2.2 airplane designs are identical insofar as the fuselage is concerned, 
except for a small difference in length. Since the Mach 2.2 airplane requires 
slightly more fuel, the fuel tanks are a total of 0.301*8 m (one foot) longer. 
The higher fuel consumption of the Mach 2.2 compared to the Mach 2.7 is 
largely attributable to the lower cruise efficiency of the 2.2 design as indi- 
cated by the cruise parameter M(L/D)/SFC value of 30.5 compared to 3l*.8 for 
the Mach 2.7. 
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6.2 Parametric Data Results 

Figures 63 and 6k show the original matrix of Uo aircraft in terms of 
gross weight ar,i fuel consumption for various thrust-to-weight ratios and wing 
loadings with a maximvun duct burning temperature (DBT) of 1367® K {2h60° R). 

The dashed line indicates the locus of those aircraft meeting the maximum 
approach speed of 8l.3 m/s (158 KEAS) which is determined by the block fuel 
consumption and the take-off wing loading. Figure 65 shows the effect of vari- 
ous fuel prices on DOC for aircraft meeting the 81.3 m/s (158 KEAS) constraint 
and indicates a very slight shift in the optimum T/W for minimum DOC. From 
these three plots preliminary aircraft meeting FAR 36 can be selected; one 
each for minimum gross weight, minimum fuel and minimum DOC. It should be 
pointed out that this selection of aircraft is based on a maximum DBT of 
1367° K (2U60° R). Subsequent optimization of this temperature and the final 
aircraft are presented in the following sections. 

As with Mach 2.7 aircraft, takeoff Jet noise was determined for a parame- 
tric family of aircraft having engines designed for a maximum duct burning 
temperature of 1367° K and wing sized to meet the 81.3 m/s landing approach 
speed limit. The jet noise suppression used for the analysis was taken from 
Figure 29 • The thrust setting at brake release, the thrust setting at cut ■ 
back, and the aircraft height at cut back used for takeoff noise abatement and 
the maximum climb and cruise DBT's are presented in Figure 66 for a parametric 
family of aircraft. The thrust setting at cut back provides a zero climb 
gradient with one engine inoperative. For aircraft with T/W less than 0.61<3, 
maximum thrust was used prior to cut back. The cut-back height was selected 
to match the FAR 36 sideline and flyover noise decrements. For aircraft with 
T/W greater than 0.61+3, the height at cut back was held at 213.1+ m (700 feet) 
and the thrust setting at brake release was adjusted to match the FAR 36 side- 
line and flyover noise decrements. 

The resulting matched FAR 36 sideline and flyover noise decrements are 
presented in Figure 67 for the parametric family of aircraft. The disconti- 
nuity at T/W * 0.652 occurs when the thrust at cut back corresponds to the 
minimum duct burning thrust setting. 

Figure 68 shows the range of the FAR 36-5 and -10 aircraft when the 
mission is flown with various levels of maximum duct burning temperature (DBT). 
From this plot, the optimum DBT's of 103l+° K (i860® R) and 8ll° K (ll+60° R) 
were selected and the aircraft resized to a 7783 km (1+200 n. mi.) range to pro- 
duce the final design. The figure shows a range gain of (280 n. mi.) for the 
FAR-10 airplane compared to (100 n. mi.) for the -5. This is due to the fact 
that the higher thrust-to-weight of the -10 design (l.l) permits climb and 
cruise at a lower duct burning temperature than the -5, resulting in a lower 
SFC. For example, in cruise the SFC of the -10 is 0.1+6 (kg/hr )/daN (0.1+52 
(lb/hr)/lb) compared to 0.1+95 (0.1+86) for the -5. This effect is shown in 
Figure 33, indicating the reduction in SFC as the thrust (DBT) is reduced 
at Mach 2.12. 
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Plgxure 63. T/W vs Gross Weight - M2. 2. LHg SCV. 
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Table 17 suimnarizes the characteristics of the five selected final designs 
of Mach 2.2 aircraft. The aircraft designed for minimum fuel weight coinci- 
dentally was found to be 5 EPNdB quieter than permitted by the FAR 36 specifi- 
cation. This aircraft shows a slight decrease in DOC, and increases of 2.9?<> 
and 6.9%, respectively, for gross weight and price, relative to the FAR 36 
aircraft. A reduction to -10 EPNdB will penalize the DOC by 15.3^, the gross 
weight by 2h.'J% and the price by 35-7^ relative to the FAR 36 aircraft. This 
aircraft required very large engines, a T/W = 1.106, in order to allow the 
power cutback needed to meet the noise constraint. Power reduction during 
takeoff was required for both the FAR -5 and -10 aircraft, and a reduction in 
the maximum design DBT (2H60° R) used in climb and cruise for all aircraft. 

The aircraft designed to minimize DOC is a good compromise considering price, 
noise, energy utilization and DOC. 

Comparison of the sensitivity to noise reduction of the Mach 2.7 and 2.2 
aircraft indicates that the Mach 2.7 minimum gross weight aircraft with a 
noise reduction level of -2.75 EPNdB, had a growth of 15.3?5 in gross weight to 
meet the -10 noise constraint, or a growth of 2.1^ per EPNdB. The Mach 2.2 
had a growth of 24.7^ in going from 0 to -10 EPNdB or 2.k'J% per EPNdB, only 
slightly more than the Mach 2.7. It is reiterated that the engine character- 
istics of the subject aircraft were not reoptimized to provide the required 
noise reductions. Reoptimization could possibly reduce this penalty by either 
reducing fan pressure ratio or going to a variable cycle approach. Although 
beyond the scope of this study, such an exercise would be required to minimize 
the -10 EPNdB noise penedty. 

Figure 69 shows the C.G. travel of the Mach 2.2 aircraft indicating the 
desired C.G. at 51^ during mid cruise. 


6.3 Sensitivity Analysis 

The minimum weight, PAR 36, Mach 2.2 vehicle was perturbed on the basis 
of range, empty weight, SFC, drag, and payload to determine its sensitivity 
to each of these factors. Figures 70 thru 71 show the results of these 
excursions, together with approximate sensitivity factors where appropriate 
on gross weight, DOC, price, and total fuel weight. 

Figure 70 examines the growth o.;‘ the point design aircraft on the basis 
that the design mission range was increased. To accommodate the increased 
fuel required the fuselage was allowed to grow in length. In each case the 
vehicle is resized and the constraints of approach speed and noise held 
constant. Since the landing wing loading is held constant to meet the 
approach speed, the takeoff wing loading can be Increased slightly as more 
mission fuel is consumed. FAR 36 allows increasing takeoff and flyover noise 
as gross weight is increased which results in a slightly higher allowable Jet 
velocity. The result is that the turbofan engine power can be reduced. More 
usable thrust allows a slight decrease in the Installed thrust-to-weight. 

This slightly Increases the takeoff field length but it remains well within 
the 3,200 m (10,500 ft) constraint. The result of this study shows that the 
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Table 17. Mach 2.2 LS2 SCV - Aircraft Comparison 
(S.I. Units) 


7783 tan Range - 22,226 kg Payload 
Fuel Cost = $2.85/GJ 



Gross Wt - Ref 
Block Fuel Wt 




seat km 


Airplane Price 


Vina Loadina 

Thrust /Weight { DBT-1366°C ) 
Maxitmun DBT - Cl lab and 
Cruise 


Maxiaxnn DBT-Takeoff 

Wing Area 

Span 

Fuselage Length 
Landing Approach Speed 
FAR T.O. Field Len^h 
FAR Landing Field Length 
Average Cruise L/D 


Average Cruise SFC 
Average Cruise Alt 




Structure Wt* 
Propulsion Wt** 

Equip* and Furn* Wt 
Empty Wt 

Std. ^ Operating Items 
Operatixig &apty Wt 
Payload 
Zero Fuel Wt 
Total Fuel 
Take-off Gross Wt 


Actual 

Sideline noise yg 


Minimum 
Fuel Wt 

Minimum 

DOC 

175,920 

172,070 

37,540 

38,180 

1.399 

1.389 

44.90 

43.12 

298.8 

301.7 

7.286 

6.374 

i860 

2060 

i960 

2410 

589 

570 

34. 0 

34.3 

102.3 

102.7 

1384 

1430 

2489 

2420 

7.43 

7.35 

0.495 

0.513 

18288 

18288 

61,130 

59.710 

30,710 

27.750 

12,780 

12,750 

104,620 

100,210 

4,980 

4,985 

109.600 

105,190 

22,226 

22,226 

131,820 

127,420 

44,090 

44,650 

175,910 

172,070 

101.74 

103.63 

106.71* 

106.65 


Actual 

riyovtr noi«* ^ 


A )lois« Reduction 
(froB PAR 36) 


Energy Utllleetion iW^faiT 


•Inoludee LHa tenk might. 

**Ineludee infuletion end heet shield weight. 


ir:4 


1 PAGE IS 
QUALTIY 


Mininua Gross Weight 


PAR 36 I FAR 36-5 FAR 36-10 


170,970 

39,600 


59,2*‘0 

25.600 

12,750 

97.600 

5,030 

102,630 
22,226 
12b ,860 

46,110 

170,970 


106.66 

106.66 



101.64 

wns§ 


104.65 

IWX 

0 

2608 


213,210 

40,960 


291.0 

10,845 

1460 


Min. DBT 
733 

38.9 

106.5 


74,460 

49,090 

13,170 

136,720 

5,235 

141,960 

22,226 

164, 180 

49,025 

231,210 


?7-30 

107.30 










Gross Wt - Ref 
Block Fuel Wt 


Airplane Price 
Wing Loading 

Thrust /Weight (DBT-2U60®R) 
Maximum DBT - Climb and 
Cruise 

Maximum DBT • Takeoff 

Wing Area 

Span 

Fuselage Length 
Landing Approach Speed 
FAR T.O. Field Length 
FAR Landing Field Length 
Average Cruise L/D 

Average Cruise SFC 

Average Cruise Alt 

Structure St» 

Propulsion Wt** 

Equip, and Furn. Wt 
Empty Wt 

Std. ^ Operating Items 
Operating &npty Wt 
Payload 
Zero Fuel Wt 
Total Fuel 
Take-off Gross Wt 


Sideline noise 


Actual 


Flyover noise 

A Noise Reduction 
(from FAR 36) 


Energy Utilise Ion 


seat smi 
$10^ 

lWft2 

®R 


Minimum 
Fuel Wt 

Minimum 

DOC 

FAR 36 

387,825 

379,31*0 

376,920 

82,760 

81* ,180 

87,300 

2.251 

2.236 

2.259 

1*1».90 

1*3.12 

1*2.01 

61.2 

61.8 

62.6 

0.71*3 

0.650 

0.567 

1,860 

2.060 

2,260 

1,960 

2,1*10 

2.1*60 

6,61*0 

6.131* 

6,020 

111*. 3 

112.1* 

111.3 

335.5 

337.1 

31*1.2 

158 

158 

158 

U,5l*0 

1«,690 

5,285 

7,970 

7,91*0 

7,910 

7.1*3 

7.35 

7.25 

0.1*86 

O.50I* 

0.522 

60.000 

60,000 

59,000 

13l*,760 

131,61*0 

130,600 

67,710 

61,170 

56,1*1*0 

26,160 

26,110 

28,120 

230,650 

220,920 

215,170 

10,970 

10,990 

11,090 

21*1,620 

231,910 

226,260 

U9.000 

1*9,000 

1*9.000 

290,620 

280,910 

275,260 

97,210 

98.1*1*0 

101.660 

387.825 

379,31*0 

376,920 


in 


Minimum Gross Weight 


PAR 36 FAR 36-5 FAR 36-10 


i*70,030 

90.290 


seat n.mit 



Min. DBT 

7,892 

127.5 

3U9.5 

158 

l»,500 

8,115 

7.85 


62.000 

16U.150 

108.225 

29.OUO 
301, UlO 

11,51*0 

312.950 

1*9,000 

361.950 
106,080 

1*70,030 

97.30 

107-30 



*Includ«s LH2 tank might. 

**Xnclud«s inaulatlon and haat jhlald ml"ht. 
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design range of the Mach 2.2 LH2 vehicle can be greatly extended with only a 
reasonable increase in gross weight (a 31 percent increase for a 1,200 n. mi. 
range increment). For convenience, the sensitivity of each of the character- 
istics around the design point, indicated by the circle on the plots, is 
listed. For example, the plot of gross weight vs range indicates a growth 
of about 77.2 lb in gross weight would be required for every nautical mile 
increase in design range. 

Figures 71 and 72 illustrate the effect of a change in empty weight as 
would be the case if equipment or structural weight were to increase or 
decrease from the original target weight. Two different situations were 
exEunlned. In Figure 71 > the assumption is that the vehicle design has not 
been frozen and the option exists to resize the vehicle to accomplish the 
original mission. This might be the case if, for example, the target wing 
weight were exceeded by kg (10,000 lb) at the original design gross 
weight. This causes a subsequent increase in fuel, propulsion, structure, 
etc., and finally a further increase in the wing itself to maintain the 
vehicle performance. The sensitivity or growth factor shown is about 1.27 kg 
(2.79 lb) of gross weight per pound of original empty weight change. The 
sensitivity of DOC, price and fuel required is also shown. Figure 72 assumes 
that the design gross weight has been frozen and that the fuel available 
(and fuel volume) must be adjusted to reflect the change in empty weight. 

The result is a change of about 0.03^* n. mi. per pound of empty weight change. 
DOC, price and fuel sensitivities are also shown. 

Figure 73 shows the effect of a uniform change in engine specific fuel 
consumption (SFC) on toted remge emd DOC. In the range tradeoff the vehicle 
is not resized but flies at different remges as the fuel consumption is varied. 
This is a signlflceuit sensitivity emd allows an increase of 50 n. ml. with 
each 1 percent decrease SFC. The DOC tradeoff is shown to be much leas 
sensitive. 

Figure 7^ is simply the increase in range which would be possible if 
payload is off-loaded. The Increase is about O.067 km/kg (O.OI63 n. mi. 
per lb) of payload. It should be noted that as designed, the point design 
vehicle is fuel volume limited and no additional fuel can be added as the 
payload is reduced as is the case for the conventional, hydrocarbon fueled 
aircraft. In the real world, the advisability of carrying extra tankage to 
increase flexibility would be a matter of route structure and economics. The 
method of construction of the vehicle would allow enlargement of the tanks by 
a simple fuselage plug within the limits of aircraft strength cmd the wing 
area selected. 

Of equal importance to engine specific fuel consumption is the drag level. 
Figure 7S shows a change of about 77.6 km (^1.9 n. mi.) distance and 0.01^5 i 
in DOC for each drag count. The analysis assumed that the change in n«Dinal 
drag was applied uniformly to the zero-lift drag at all Mach numbers. 
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Figure 72. Eatpty Weight Change Sensitivity - M2. 2 
LH2 SCV (constant gross weight). 
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Figure 75 . Sensitivity to Drag Level - M2. 2. LHg SCV. 







6.1* Comparison with Jet A Design 

As with the Mach 2.7 aircraft. Table l8 presents a comparison of the 
minimiun gross weight LH 2 Mach 2.2 aircraft to the Jet A vehicle designed to 
the same technology and ground rules. The LHp SCV gross weight is 56 percent, 
and the operating empty weight is 8U percent that of the Jet A SCV. The total 
fuel required differs .by a factor of 3-50 while the SPC ratio is 2.1»7. 

Another factor of interest to compare the relative desirability of the 
two aircraft is energy expended per available seat mile. The Jet A SCV uses 
2h percent more Btu/available seat mile than does the LHp design, viz., 

3,227 kJ/seat km (5,672 Btu/seat n.mi.) vs 2,608 kJ/seat km (l^,583 Btu per 
seat mile). It should be noted that neither of these numbers includes the 
energy required to produce the fuels, nor to transport them to the airport. 
Both values represent Just the energy contained in the fuel required by the 
respective aircraft to accomplish the given mission. 

Table 19 is a comparison of the group weight statement of both aircraft 
and shows the p',*nalty paid for LH 2 fuel tankage and insulation. 

Table 20 lists some pertinent cost data for comparison of the two types 
of aircraft. The costs are expressed in tenns of 1973 dollars, calculated 
on the bases noted. The LH 2 SCV aircraft is $9.8 million cheaper than the 
comparable Jet A airplane in production, and development is estimated to cost 
200 million dollars less. 

Figure 76 presents a plot of DOC for both aircraft as a function of fuel 
cost. This shows that for the subject Mach 2.2 aircraft, at 9.7^/liter 
(3$.6^/gal) for Jet fuel the operators could afford to pay $3.72/GJ ($3.92 per 
10® Btu) for LH 2 . The general expression to represent the cost differential 
which can be paid for LH 2 over the cost of Jet A fuel, and still produce 
parity of DOC for the Mach 2.2 SCV's is ■** 


AC . O.w . o.uoo 


where cost of both fuels is expressed in $/10^ Btu. 

The general comments made in Section 5*^* for the Mach 2.7 aircraft apply 
equally to tl. : Mach 2.2 design. 
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Table l8. Comparison of Mach 2.2 Jet A and LH^ Fueled SCV's 


Fuel 



Jet A 

LKg 

Ratio 
Jet A/L 

PtyXoed 

kg 

(lb) 

22.226 

(49,000) 

22,226 

(49,000) 


Range 

km 

(n.mi. } 

7.783 

(4,200) 

7.783 

(4.200) 


Cruise Speed (Std. day <f 8^C) 


Mach 


2.12 


2.12 


Takeoff Gross Weight 

kg 

(lb) 

305,320 

(673,110) 

170.970 

( 376 , 920 ) 

1.79 

Operating Stepty Weight 

kg 

(lb) 

121,890 

(268,720) 

102,630 

(226.260) 

1.19 

Fuel Weight, Block 

kg 

(lb) 

137, U20 

(302,950) 

39,600 

( 87 , 300 ) 

3.48 

Total 

kg 

(lb) 

161,200 

(355.390) 

46.110 

(101,660) 

3.50 

Fuel Volume 


(ft.3) 

209 

(7.370) 

697 

(24.630) 

3 . 3 U 

Wing Area 


(ft2) 

716 

(7.702) 

559 

(6,020) 

1.28 

Wing Loading (W/S Takeoff 

kg/m2 

(Ib/ft^) 

U26.7 

(87. U) 

305.6 

(62.6) 


Landing 

lc«/a® • 

(Ib/ft®) 

23l<.3 

(48) 

234.3 

(48) 


Span 

m 

(ft) 

38. U 

(126) 

33.9 

( 111 . 3 ) 

1.13 

Overall Length 

m 

(ft) 

90.5 

(297) 

104.0 

(3ia.2) 

0.87 

Lift/Drag (cruise) 




8.18 


7.25 

1.13 

Specific Fuel Consumption (cruise) 

( kg/hr )/daN 

(db/hr)/lb) 

1.311 

(1.288) 

0.531 

(0.522) 

2.47 

Thrust /Weight (SLS) 

N/kg 

- 

U.90 

(0.500) 

5.56 

( 0 . 567 ) 


Thrust Per Engine 

N 

(lb) 

37l*,250 

(84,140) 

237,640 

(**3,lt30) 

1.58 

FAR Takeoff Field Length 

m 

(ft) 

2U75 

(8,120) 

1611 

(5,285) 

1.54 

FAR Landing Field Length 

m 

(ft) 

2l»63 

( 8 , 080 ) 

2411 

(7.910) 

1.02 

Landing Approach Speed 

m/sec 

(KEAS) 

81.3 

(158) 

81.3 

( 158 ) 


Weight Fractions 

Percent 







Fuel 




42.6 


27.0 


Payload 




7.3 


13. 0 


Structure 




23.9 


3 I 4.7 


Propulsion 




9.9 


15.0 


tguipKent and Operating Items 




6.1 


9.3 


fiiergy Utilisation 

kJ 

•eat km 

Btu 

seat n.ni 

3227 

(5.672) 

2606 

(*•.583) 

1.24 
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Table 19. Group Weight Statement - Mach 2.2 
Jet A and LH^ SCV’s 


Takeoff Weight 
Fuel Available 
Zero Fuel Weight 
Payload 

Operating Weight 

Operating Items 
Standard Items 

Empty Weight 

Wing 

Tail 

Body 

Landing Gear 
Surface Controls 
Nacelle and Engine Section 
Propulsion 

Engines 

Thrust Reversal (in engines) 
Air induction System 
Fuel System 

Engine Con-rols amd Starter 

Instr^iments 

Hydraulics 

Electrical 

Avionics 

Furnishings and Equipment 
Environmental Jontrol System 
Auxiliary Gear 


Jei 

b A 

LHg (Min. Vq) 

kg 

lb 

kg 

lb 

(305,322) 

(673,108) 

(170,970) 

(376,917) 

161 , 201 < 

355,388 

1*6,113 

101,660 

(ll4U,ll8) 

(317,721) 

(12**, 857) 

( 275 , 257 ) 

22,226 

1*9,000 

22,226 

49,000 

(121,892) 

(268,721) 

(102,630) 

( 226 , 257 ) 

2,1*76 

5,1*59 

2, 1*1*0 

5,378 

2,21*7 

1*,953 

2,591 

5,713 

(117,169) 

(258,309) 

(97,599) 

( 215 , 166 ) 

35,230 

77,667 

21,230 

46,803 

2,1*95 

5,500 

2,161* 

4,771 

16,781* 

37,002 

2U,868® 

54,824© 

12,738 

28,082 

7,783 

17,159 

3,859 

8,507 

2,005 

4,420 

1,986 

1*,379 

1,192 

2,627 

(30,282) 

(66,760) 

(25,603) 

(56,444) 

21,809 

1*8,080 

13,085 

28,847 

5,1*20 

11,91*9 

3,259 

7,185 

2,331 

5,138 

6,631*© 

39 , 035 © 

723 

1,593 

625 

1,377 

521 

l,ll*8 

1*97 

1,096 

2,239 

l*,936 

1 , 251 * 

2,764 

1,973 

l*,3l*9 

2,087 

4,600 

863 

1,903 

663 

1,903 

5,228 

11,526 

5,228 

11,526 

2,971 

6,550 

2,826 

6,229 

0 

0 

0 

0 


1 Includes ll,08l kg {2kk29 lb) of fuel tankage and interconnect structure, 

2 Consists ofj 3 1^17 kg (7.533 lb) insulation 

2.799 kg (6.171 lb) heat shield 
2.418 kg (5.331 lb) fuel system 
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Table 20. Cost Comparison: Jet A vs LH^ Mach 2.2 SCV's 

(Refer to Table l8 for vehicle data) 

Aircraft 


Costs* 


Jet A 


Engine 

Airframe 

Total 

Production Aircraft , each 

Direct Operating Cost (DOC) 

Flight Crew 
Fuel and Oil 
Insurance 
Depreciation 
Maintenance 

Total 

Indirect Operating Cost (IOC) 


3297 

51,769,000 


309I* 

42,000,000 


seat km 

seat s mi 

seat km 

seat s mi 

0.069 

0.111 

0.070 

0.113 

0.625 

1.006 

0.784 

1.261 

0.093 

0.149 

0.078 

0.125 

0.297 

0.4 t 8 

0.250 

0.402 

0.266 

0.428 

0.222 

0.357 

1.350 

2.172 

1.403 

2.258 

0.552 

0.888 

0.530 

0.853 


*Basis for Costs: 

• 1973 dollars 

• production of 6OO aircraft 

• passenger load factor * 0.55 

• aircraft utilization » 36OO hr/year 

• fuel cost: Jet A ■ I.90/GJ ($2/10| Btu * 2U.8i^/gal « 3.68^/lb) 

LHo “ 2.85/GJ ($3/10° Btu = 15.‘*8^/lb). 
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7. RESEAECH AND TECHNOLOGY RECOMMENDATIONS 


, Technology development required to permit initiation of development of 

j a LHp fueled supersonic cruise transport aircraft is essentially as defined 

in the Final Report of the previous study (Reference 1). Modifications re- 
sulting from changes in the design of the baseline aircraft, plus further 
i I consideration of the technology requirements of LHg fueled aircraft in 

Lj general, resulting from the study of subsonic transport aircraft (Refer- 

ence 7), have been incorporated in Table 21, a summary of a program of recom- 
; mended development for LK^ SCV s . 

In addition to the technology development listed in Table 21, a very 
significant event which should precede this program is an assessment of the 
impact the initiation of use of hydrogen as fuel for commercial transport 
aviation would have on society in general.* In this study a hypothetical 
but realistic scenario depicting the transition to hydrogen would be de- 
veloped, suid the economic ramifications, the institutional barriers and 
incentives, and the social dislocations and opportunities of all major 
stakeholder classes in society would be disclosed. Stakeholder classes whose 
I participation in the evolutionary scenario would be described include the 

[ j following : 

• airlines 

j 

e aircraft manufacturers 


i 

U 


• fuel suppliers 

e airport operators 

e consumers 

e government regulators 

While not classified as a "technology development," this study would provide 
important input and an order of priorities for the technical work. In addi- 
tion it would acquaint, and hopefully convince, many stakeholders of the 
need for early conversion of commercial aviation to hydrogen fuel. 

The technology development program shown in Table 21 relutes specifically 
to the hydrogen peculiar items of the subject aircraft. It should be recog- 
nized that these items are in addition to the usual program of development 
associated with design of a new, advanced type of aircraft. Further, the 
problems of developing adequate supplies of liquid hydrogen for use at 
designated major airports around the country, and overseas, are not included. 


*This study proposed by Stjuiford Research Institute, September 26, 1975« 
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Table 21. Technology Development Required 
for LH 2 “Fueled SCV Aircraft 

1. Duct-burning turbofan engines designed to operate efficiently 
on hydrogen fuel. 

2. Lightweight cryogenic insulation, e.g., PVC or reinforced- 
polyurethane foam, which is impervious to air and which can be 
bonded to an aluminum tank. Must demonstrate an acceptable 
useful life. 

3. Lightweight heat shield structural material having low thermal 
conductivity, e.g., fiberglass core, graphite/Kevlar/polyimide 
faced honeycomb sandwich, which is satisfactory for airline 
service. 

1*. Lightweight aluminum tankage, capable of withstanding airline 
service, plus exposure to cryogenic temperatures and attendant 
thermal stresses. 

5. A satisfactory vent system for the LH 2 fueled aircraft. 

6. An aircraft fuel feed system including pumps, valves, quantity 
sensors, heat exchanger, pressurization system and control, and 
vacuum-jacketed lines acceptable for airline service. 

7. A ground supply and fuel handling system for use at airline 
terminals. 

8. An acceptable specification and set of standards for hondling 
liquid hydrogen in routine airline operation. 

9. A flight demonstration program involving conversion of existing 
subsonic aircraft to LH 2 fuel and operation of the aircraft 

in extended use simulating airline operations. Purpose would 
be to learn practical aspects of handling LHp fuel and to 
demonstrate feasibility of using it in a commercial 
environment . 




These latter problems are currently being addressed in other, separately 
funded studies being conducted for both NASA a-*i ERDA. 


8, CONCLUSIONS 


This study has confirmed the findings of the original program (Refer- 
ence 1) which investigated the potential of using liquid hydrogen as fuel 
in advanced designs of supersonic transport aircraft. Significant benefits 
can be realized in performance, size, weight, energy utilization, cost, 
noise, sonic boom, and environmental pollution. All this can be realized 
in addition to perhaps the most important benefit of all, relief from de- 
pendency on a petroleum product which, by the time an advanced design SCV 
might become operational, could be well on the way to becoming unavailable 
for use as an aircraft fuel. 

The present study provided a more critical evaluation of the aerodynamic 
characteristics of the subject LHg fueled aircraft, compared to that of the 
original study (Reference 1). In particular, wave drag and aircraft stability 
and control requirements were more rigorously evaluated. In addition, the 
program included an updated assessment of the weight of the wing. It is a 
smaller structure compared with the equivalent Jet A fueled design, with 
compensating structural design conditions, i.e., lower wing loading but no 
load relief due to no fuel being carried in the wing. A third major dif- 
ference in the designs of the LH_ fueled SCV's of the present study and those 
of the original work was a more exact representation of the properties of 
hydrogen/air combustion in evaluation of performance of the turbofan engines. 

The net result of these critical reviews of the design basis of the 
subject aircraft, compared with corresponding designs of Jet A fueled SCV's, 
was a very slight decrease in the weight advantage of the LH aircraft. For 
example, for the M2. 7 aircraft the operating empty weight ratio (Jet A/LH2) 
is calculated to be 1.29 in the present study. Reference 1 showed this 
ratio to be 1.386 in the original study. The ratio of block fuel weights 
(Jet A/LH2) is 3.88, it was U.OO. Vehicle gross weight ratios are 1.93, they 
were 2.0I+. 

The analysis to determine the potential of minimizing energy expenditure 
in performing the baseline mission showed that only minor saving can be ac- 
complished. The Mach 2.7 SCV designed for minimum fuel weight required 
97 percent of the energy per seat kilometer of the version designed for mini- 
mum gross weight. In the case of the Mach 2.2 aircraft the minimum fuel 
weight version used 95 percent of the energy required by the minimum gross 
weight design. 

At both cruise speeds the aircraft designed to provide mir. mum direct 
operating cost proved to be a good compromise between the alternate choices 
based on minimum gross weight and minimum energy. Varying fuel costs, within 
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bounds of $1.90/GJ ($2 per 10 Btu) and $5.70/GJ ($6 per 10 Btu) for LHg, 
produced very little difference in the choice of thrust-to-weight ratio 
which established the preferred aircraft design. 

Hydrogen-fueled SCV aircraft can be designed to be 5 dB quieter than 
FAR Part 36 with no penalty in fuel expenditure. In fact, the Mach 2.7 
SCV designed for minimuri fuel weight was nearly 6 dB quieter thaii the spec- 
ification. The comparable M2. 2 LH2 SCV was exactly 5 dB quieter. On the 
other hand, designing either Mach 2.7 or 2.2 LH2 SCV's tc be 10 dB quieter 
than the specification involves sizeable penalties in gross weight, fuel 
weight, operating empty weight, aircraft price, and direct operating cost. 


9. RECOMMENDATIONS 


In view of the many attractive advantages, it is recommended that 
development of technology for LH2 fueled supersonic transport aircraft be 
actively pursued. The following actions are recommended to further explore 
the potential of such aircraft and to establish technology feasibility. 

• Perform detailed studies of a selected point-design aircraft tc 
establish better definition of the design, including windtunnel 
testing. 

• Build and test insulated model cryogenic tanks to determine their 
capability for withstanding thermal cycling under simulated 
structural loading conditions. 

• Investigate thermal protection system concepts. 

• Establish detailed design characteristics of the aircraft fuel 
system, including all significant components. Build breadboard 
model and run flow tests with cryogenic liquids, including liquid 
hydrogen . 

• Study alternate configuration concepts of LH2 SCV's which appear 
to have advantage. 

• Study aircraft ground handling and refueling operations to 
establish specifications for equipment and procedures to assure 
safe, economical practices. 

• Initiate a flight demonstration program based on conversion of 
two existing subsonic aircraft to LH2 fuel, to learn the practical 
aspects of handling hydrogen in simulated airline operations. 

a Assess the Impact conversion of the air transport industry to LH^ 
fuel would have on all affected aspects of U.S. society. 
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Appendix A 


APFENDH A 


REFEREilCE JET A FUELED SUPERSONIC 
CRUISE VEHICLES 


A1 - Mach 2.7 Jet A SCV (CL l£07-5) 
A2 - tfach 2.2 Jet A SCV (CL I 6 OT-I 3 ) 
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PO*Efi PLANT - DUCT BUPNIN6 lURBOFAN 

uninstalled thrust • eiooo lb. sls 

TAXI WEIGHT - 680,000 LB. 

WING horiz.tail rus VERT tail wing vert, tail (each) 
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TAPER RATIO 
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APPENDIX B 

WING AND FUSELAGE CROSS SECTIONS 
OF LHg FUELED SCV's 

B1 - Mach 2.7 LHg SCV 
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